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ABSTRACT 
Chiroptical, rheological and thermodynamic studies have been 
undertaken to investigate temperature-induced changes in the ý 
molecular organisation of gelatin. From the results obtained, a 
unified model for gelation and melting has been developed, and 
tested using Monte Carlo computer simulation. 
The temperature at which gelatin gels are formed has a major 
influence on the properties of the resulting network, with 
higher curing temperatures conferring increased thermal 
stability. In particular, gels formed by sequential curing at 
two different temperatures show biphasic melting. This is 
explained in terms of a temperature-dependence of helix length 
within the junction zones of the gel, and quantified by 
considering end-effects in the thermodynamics of helix stability. 
Measurements of 'initial slope' kinetics, performed over a broad 
concentration range, showed first-order kinetics at low gelatin 
concentrations, while at higher concentrations a second-order 
process was also evident. The results are interpreted as 
triple-helix nucleation at metastable 'hairpin turns' in one 
chain (bringing two chain segments into close proximity) together 
with a third strand from either the same chain (first order) or a 
different chain (second order). From simple geometric 
considerations, the maximum length of intermolecular helices 
( which contribute to the gel network) is greater than that of 
twasted 9 intramolecular structures, giving a qualitative 
explanation of the increased strength of gels formed by precuring 
at higher temperatures (where only long helices are stable) over 
those quenched directly to low temperature. 
(iii) 
Monte Carlo simulation incorporating an initial assumption that 
helix propagation is rapid and proceeds to geometric limits gave 
unrealistic helix lengths and simulated melting profiles, and 
was replaced by the assumption that cis-trans isomerisation of 
peptide bonds is the controlling factor in helix propagation. 
Using the latter assumption, most aspects of the observed 
behaviour were successfully reproduced using program variables 
set within realistic ranges or, where possible, fixed at 
experimentally-determined values. In particularg the 
co-operativity of the simulated melting process was critically 
dependent on the value of a parameter x (the number of triplet 
units within each helix incapable of participating in bonding, 
due to end-effects), with a value of x=1 giving the best fits 
with experiment (consistent with accepted bonding patterns for 
the collagen triple helix). Other key parameters were the 
midpoint temperature for melting of the parent collagen, which 
gave best agreement when set at 37-38"C, and t6e proportion of 
cis peptide residues present in disordered gelatin chains, with 
an optimum lower limit of 0.15. 
Using these values, the simulation reproduced, with excellent 
precision, the helix fraction and melting profile of gels formed 
over a wide range of quench temperatures, and gave an acceptable 
approximation to the form of reaction progress curves obtained 
for helix formation. The biphasic melting of samples held at 
intermediate temperature before final quenching was also modelled 
realistically. 
(iv) 
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CHAPTER 1: GENERAL INTRODUCTION TO PROTEIN STRUCTURE 
AND CONFORMATION 
1.1. 
-INTRODUCTION 
TO PROTEINS 
Proteins are the most abundant macromolecules in most 
cells, comprising some 50% or more of the dry weight. 
They are the most diverse of biological molecules, 
functioning as enzymes, hormones, transport agents and 
structural components. Proteins can be divided into 
two classes on the basis of their compositions: simple 
proteins are composed entirely of amino acids whereas 
conjugated proteins yield not only amino acids on 
hydrolysis, but also other organic or inorganic 
components such as lipids, nucleic acids, 
carbohydrates, phosphate groups, iron and zinc. 
The molecular weights of proteins can be measured by 
various physico-chemical techniques and most have 
values-in the range 12 - 1000 kD or greater. 
Generalizations about protein size and function are 
not possible however, since many proteins 
have a 
similar type of function but completely 
different 
molecular weights. 
Proteins can also be categorised according to their 
physical characteristics. There are two major groups, 
globular and fibrous proteins. Globular proteins are 
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water-soluble and diffuse readily; the protein chain 
is folded into a specific, compact spherical or 
globular shape allowing the protein a mobile or 
dynamic function. Examples of globular proteins 
include nearly all enzymes, and blood proteins such as 
haemoglobin and serum albumin, having a transport 
function. Fibrous proteins are water-insoluble and 
physically strong; the protein chains are arranged in 
extended, often helical form along a single axis. 
Examples of this class of proteins are a keratin, the 
major constituent of hair, feathers, nails and skin, 
and collagen, the major constituent of tendons. 
1.2. LEVELS OF STRUCTURE IN PROTEINS 
In common with other biopolymers, the structure of 
proteins can be conveniently broken down into four 
different levels; primary, secondary, tertiary and 
quaternary structure. 
The complete covalent structure of a biopolymer chain 
is called the primary (1*) structure and is defined by 
the composition and sequence of the constituent 
monomers. For proteins the individual monomeric 
residues are amino acids, which are linked through the 
peptide bond. 
3 
-I Secondary ( : ý' ) structure can be defined as the local 
spatial organisation of the polymer backbone without 
consideration of the side chain conformations. The 
side chain conformations do however determine the type 
of secondary structure attained through favotirable 
molecular interactions. Typical examples of protein 
secondary structure include a-helix, 13-sheet, 13-turn 
and the collagen triple helix. 
Fhe tertiary (3ý) structure of a protein is defined as 
the packing of the secondary structural elements 
within a chain into a three dimensional structure of 
one, effectively Indivisible I unit. The tertiary 
structure is generally characteristic of a particular 
protein, although closely related proteins sometimes 
have very similar tertiary structures. 
Finally, quaternary (4) structure is the assembly of 
the tertiary structural elements into an oligomeric 
form which may contain multiple copies of a single 
type of chain, or two or more chemicaily distinct 
chains. 
4 
AMINO ACIDS 
The diversity in size, shape and function of proteins 
is a consequence of the number, type and sequence ot 
amino acids in the protein chain. Naturallv-occurring 
proteins are composed of up to twenty two different 
amino acids (T able 1-1-) which can be regarded as the 
ff chemical alphabet" used to form the different 
.I protein words". 
Biologgically-occurring amino acids have two important 
structural features in common: - 
1) They are all a amino acids ( i. e. the amino group is 
bonded to the carbon next to the carboxyl group). n 
2) With the exception of glycine, which is achiral, 
all exist in the L-configuration at the chiral a 
carbon. 
Chirality arises from the ability of assymetric carbon 
atoms (i. e. carbon atoms with four different 
substituent groups) to exist in two isomeric forms 
which are mirror images of each other. The 
stereoisomers are chemically identical, except in 
reactions with other chiral materials and physically 
identical, except in their interaction with plarie 
polarised light (rotating the plane of polarisation 
either to the right or to the left). The abilitv of 
5 
amino acids to behave in this manner is of importance 
in the conformation studies of proteins, as will become 
evident in later chapters. By convention the L- 
configuration of amino acids is designated relative to 
that of L-glyceraldehyde (Fig. 1.1. ) 
The twenty two biologically-occurring amino acids can 
be subdivided into five groups according to the 
covalent structure of their sidechain, R (Table 1.1. ). 
The sidechains can be neutral, hydroxylaLed, sulphur- 
containing, acidic or basic. Phenylalanine, 
tryptophan, tyrosine and histidine are aromatic in 
character while in proline and hydroxyproline the 
sidechain is bonded to the a-amino group producing a 
cyclic secondary amine (an imino acid). Cysteine can 
occur in two forms, either as a single cysteine 
residue or in the form of cystine, in which two 
cysteine molecules are linked together by a disulphide 
crosslink formed by oxidation of their thiol groups. 
The properties of the sidechains, particularly 
polarity and size, play significant roles in 
determining protein conformation. 
Amino acids contain both basic (-NH2) and acidic 
(-COOH) groups, i. e. they are amphoteric. In the 
crystalline state they exist as dipolar ions (Zwitter 
ions)q while in solution there is an equilibriUM 
between the dipolar ion, the anionic form and the 
cationic form (Fig. 1.2a). The predominant form 
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present is dependent on pH, being cationic Linder 
strongly acid conditions and anionic under basic 
conditions. At some intermediate pH however, 
determined by the pKa's of the relevant protons, the 
concentration of the dipolar ion becomes a maximum, 
the concentrations of the cationic and anionic form 
being equal (Fig. 1.2b). This point is known as the 
isoelectric point (pl), at which a solution of an 
amino acid undergoes dramatic changes in various 
physical properties such as density, conductivity, 
etc. 
The values of the pKa's and pl's for all amino acids 
are known and are given in Table 1.1. 
Obviously the pH of an amino acid solution is critical 
in determining the solution properties, and the 
situation becomes more complex when more than one 
amino acid is present. In proteins, where the amino 
acids are linked through the peptide'bond, there is 
still only one terminal amino group and one terminal 
carboxyl group in a polypeptide chain but additional 
ionizable protons on the sidechains make the titration 
curves of proteins considerably more complex. 
(; OOH 
y 
H2N--C-H 
An L-a-amino acid 
CHO 
HO-C---wH 
CH20H 
L-Glyceraldehyde 
CH2COOH 
"2 
Glycine 
Figure 1.1. The L-configuration. of glyceraldehyde and the 
corresponding L-configuration of an a amino acid. 
Also shown is the achiral amino acid, glycine. C5 
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a. 
+ H3NCHCOOH 
I 
R 
-H+ + 
w:: ý H3NCHCOO- +H+ 
-H+ 
w===t H2NCHCOO- +H+ I 
R 
Cationic form 
(predominant in 
strongly acidic 
solutions, e. g., 
at pH 0) 
Dipolar Ion Anionic form 
(predominant in 
strongly basic 
solutions, e. g., 
at pH 14) 
b. 
13 
12 
11 
10 
9 
8 
7 
pH 
e 
NHsCHRCOOH 
4 
-1 [ý!! 12CHRC60- - 
NH3CHRCOO- 
NH, CHRCOO- 
H ! H3CHRCOO I 
+ NH, CHRCOOH 
NH, CHRCOO- 
0.5 1.0 1.5 2.0 
Equivalents OH- - 
Figure 1.2. Amino acids as dipolar ions: a) the various ionic 
forms present and b) the titration curve of a 
typical amino acid. The ionic species predominating 
at various pH values are shown in boxes. 
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Table 1.1. The twenty two biologically occurring amino 
acids. 
STRUCTURE OF R NAME 
ABBRE- 
VIATION 
pK. t 
a-COIH 
pK., 
a-NH, * 
pK., 
R Group 
pf 
R group is neutral 
-H Glycine Gly G 2.3 9.6 6.0 
-CH3 Alanine Ala A 2.3 9: 7 6.0 
-CH(CH, ), Valine Val v 2.3 9.6 6.0 
-CH.. CH(CH,, )2 Leucine Lcu L 2.4 9.6 6.0 
-CHCH. CH, Isoleucine lie 1 2.4 9.7 6.1 
CH, 
Phenvialanine Phe F 1.8 9.1 5.5 
-CH. CONH., Asparagine Asn N 2.0 8.8 5.4 
-CllA, 'jLCONIL Glutamine Gin Q 2.2 9.1 
5.7 
-CH. 
Tryptophan' Trp w 2.4 9.4 5.9 
HOC-CII-CIL 
11- 
Prohne Pro P 2.0 10.6 6.3 
HN CH., 
I 
CH. 
(ý: omrtcic structurei 
R contains an -OH group 
-CH., OH Scrine Ser 
S 2.2 9.2 5.7 
-CHOH Threonine Thr 
T 2.6 10.4 6.5 
OH 
-co) 
Tyrosine Tvr y 2.2 9.1 10.1 5.7 
0 9 HOC-CH-CIL 11- Hydroxýproline Hýp 1.9 9.7 6.3 CH, HN \ \OH CHý 
(comnicte tructure) 
R contains sulfur 
-CH, SH Cysteine Cvs C 1.7 
10.8 8.3 5.0 
-CH., -S 1 Cystine Cys-cvs 
1.6 7.9 1 5.1 
-CH.. -S 
2.3 9.9 
-CH. CH. SCH3 Methionine Met 
M 2-3 9.2 5.8 
R contains a carboxyl group 
-CH. COOH Aspartic acid Asp 
D 2.1 9.8 3.9 3.0 
-CH, CH., COOH Glutamic acid Glu 
E 2.2 9.7 4.3 3.2 
R contains a basic amino group 
-CH. CH. CH, CH. NH, Lysine' Lvs 
K 2.2 9.0 10.5 9.8 
NH 
11 
-CH-, CHA_H., NrI-C-NH. Arginine Are 
R 2.2 9.0 12.5 10.8 
-CH.. Histiclinc His 
H 1.8 9.2 6.0 7.6 
H 
e= ciqcnijal amino acids 
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PRIMARY STRUCTURE AND THE PEPTIDE BOND 
The primary structure of a protein i. s the sequential 
order of the amino acid residues along the backbone of 
the protein chain. The amino acids are covalently 
linked through a peptide bond formed by the formal 
elimination of H20 between the OH of the carboxylic 
acid group of one amino acid and one H of the amino 
group of a second amino acid (Fig. 1.3). 
RR2 
H) 
dOH + 
/-, 
"""N-CfI-UUO" 
!-- 
-/ H" 
H20 
RR2 
NH2-UH-C-NH-U-I-COOH 
u 
Figure 1.3. The peptide bond, formed by the formal elimination 
Of H20 between two amino acids. 
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The protein can thus be viewed as a series of peptide 
bonds with different sidechains branching out, the 
nature of the sidechain depending on the amino acid 
residue. Primary structures of thousands of proteins 
are known and it is customary to abbreviate them using 
an alphabetic code for each amino acid residue. The 
three letter and one letter abbreviations are listed 
in Table 1.1. 
In determining the primary structure, the first thing 
to learn is the number and size of polypeptide chains 
in the protein. Automated analytical procedures are 
then used to establish the amino acid sequence; the 
stepwise degradation of chains starting at the amino 
terminus is a widely used procedure. 
Many protein chains are crosslinked, either intra- or 
inter-molecularly; the number and type of crosslinks 
must be determined for the complete primary structure 
to be elucidated. The most common forpi of 
crosslinkages are disulphide bonds (Fig. 1.4a) formed 
by oxidation of pairs of cysteines to produce the 
cystine form mentioned previously. A knowledge of 
these bonds is also useful in providing information 
about the secondary and tertiary structures of 
proteins. Various other kinds of crosslinks have been 
identified in proteins but do not occur as frequently 
as cystine. For example, in rigid, fibrous proteins, 
the chains can be crosslinked when the ý-amino group 
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of lysine is converted to an aldehyde by lysyloxidase; 
various reaction pathways can then lead to crosslinks 
involving up to four polypeptide chains (Fig. 1.4b). 
Knowledge of the primary structure is only the first 
step in elucidating the complete structure of a 
protein, but knowing the primary structure can enable 
pre ict ons to be made as to the secondary and 
tertiary structures, since these are determined by 
favourable interactions between amino acid residues. 
1.5. SECONDARY STRUCTURE OF PROTEINS 
1.5.1. Conformations of the Peptide Bond 
The illustration of the peptide bond given in Fig. 1.3 
is not satisfactory when protein conformations are 
considered. Fig. 1.3 implies that there is free 
rotation about the peptide C-N bond; this is not the 
situation as the groups NH and CO interact to produce 
partial double bond character in the C-N bond (Fig. 
1.5a). A consequence of this resonance stabilization 
is that the atoms C -C'O-NH-C form a planar group, the 
peptide unit, which has the dimensions given in Fig. 
1.5b (Corey & Pauling, 1953). 
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Planarity of the peptide unit leads to the possibility 
of cis and trans isomers about the peptide bond 
(Fig. 1.5c). The cis isomer is known to occur in 
cyclic peptides such as diketopiperazine, but in open 
polypeptide chains the trans isomer predominates, 
being more stable by greater than 2 kcal mol-I (La 
Planch & Rogers, 1967). Increased stability of the 
trans form is accounted for by the closeness of 
contact between adjacent a carbon atoms in the cis 
form compared to the trans form. A noticeable 
exception to this occurs in proline and hydroxyproline 
(Fig. 1.6), where the cyclic nature of the amino acid t! 5 
causes both cis and trans isomers to have a carbon 
carrying a hydrogen as third neighbour to the previous 
a carbon atom. Consequently, the respective energies 
of the cis and trans configurations of imino acids 
are closer to each other than for the other amino 
acids in proteins. 
The planar peptide units in the protein are linked to 
each other at the a carbon atoms. The linking bonds 
have single bond character, allowing freedom of 
rotation of the peptide units about the a carbons 
(Fig. 1.7). The relative orientation of adjacent 
peptide units can therefore be adequately described 
by 
the dihedral angles, 0 and ý, shown in Fig. 1.7, and 
consequently the complete backbone conformation of a 
polypeptide chain can be described knowing the values 
of o and ý for each successive a carbon, providing 
the 
13 
C2 
S2 
S, 
C, 
Left-hand 
0H 
--C-C-N- I 
H 
/"\\ 
0 
b. 
0HH 
11 11 
-C--C-N- 
I 
II ME 
CH, 
Glutem.... 
H0 
O= H, * N 
0 to cross-link 
In fibrin) C1 CH: 
0HH 
Lysln* residues 
Figure 
H0 
(CH, I, 
0HH 
Aldshyde dorivatlv*s 
I 
Schiff base 
0HH 
11 11 
-C-C-N- 
I 
I'MI 
N 
11 
CH 
-C-C-N- 11 11 
0HH 
Right-hand 
0HH 
11 11 H0 
--C-C -N- 
1 11 
I -N-C-C- 
HI 
tI. rl ne C. -N Histidl 0 
\\ II 
- 
H C -C 
I 
/ H HN N NH 
It H 
I I ! 
I 
-C--4, -N- 
H-C -C -(CH. ), -CH, - C --(CH, ), ---1 -H- IHII 
I1 
0HH 
0-1. C 1, _U I 1; I \ 
Aldol cross-link 0 H 
Hlstldine-sldol cross-link 
"r 
Lysinonorloucine Desmoolne 
In ctoss-llnk In (a cross-IInk In elastln) 
collagen or slastin) HH0 
0HH 
11 11 
-C-C-N- I 
WHIll 
HCH 
I 
0HH 
H-C-CH, 
I 
I 
N -H I 
1.4. The chemical crosslinks formed between protein 
chains: a) the cystine disulphide crosslink showing 
two optical isomers and b) the various crosslinks 
capable of being formed by the oxidation of the 
F, -amino group of lysine. 
11 11 
0HH 
14 
c 
b. 
at 
cl- 
\ 
ot 0c 
1.51,4 H 
. o01 
12 l' C'- 1,324 
125* 123, 
t24A 
1.4 7A 
0\ 
o( 
c 
---/ 
/ èc4 
y 
y 
C. H 
Z(up) 
0 Z(up) 
v 
No X 
10 X cc Cis Trans 
Figure 1.5. a) The two resonant structures 
formed by interaction of NP- and 
partial double bond character i 
b) The standard dimensions of t 
according to Corey and Pauling. 
c) cis and trans isomeric forms 
of the pet)tide unit 
CO groups producing 
n the C-N bond. 
he peptide unit, 
of the peptide unit. 
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// 
C 
0c 
HH 
cis 
Imns 
Figure 1.6. cis and trans peptide units containing a proline 
side group. 
H 
-- 
-- 
- - 
a - 
-- 
- - 
S 
'4 
4 
4 
I 
%a ,ý oo 
xc 
------. 
-- -.. . IL 0) - P7 H 
Figure 1 . 7. Illustration of two peptide. units 
Linked through all 
a carbon which allows free rotation of tlie peptide 
units. The dihedral angles, o and $1/ are shown. 
H 
c 
C'- N 
cc(ý, 
c 
\ 
\H 
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peptide units are undistorted and all a carbon bond 
angles are the same. The last two conditions are not 
always satisfied and various other parameters are 
required to define the conformation exactly (see 
Ramachandran and Sasisekharan 1968). ý and ý are, 
however, the most important parameters and given 
these, a good indication of the peptide chain 
conformation can be obtained. 
1.5.2. Helical conformations 
1.5.2.1. Energy considerations 
For each pair of adjacent peptide units within a 
polypeptide chain there will be a combination of o and 
ý values corresponding to the conformation of lowest 
energy. Since the polypeptide will tend towards the 
most stable structure, these preferred values of 0 and 
ý would be expected to be repeated throughout the 
chain, giving rise to a regular, repeating helical 
structure. For a chain composed of monomeric units a 
helical conformation can be specified by two 
parameters; the number of units per turn (n) and the 
projected height of a unit along the helical axis (h). 
The values of 0 and ý for such a structure in a 
polypeptide chain are necessarily the same at each a 
carbon. Relationships between the helical parameters n 
and h, and the conformational parameters 0 and ý, 
have 
been determined geometrically for planar peptide units 
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(Ramachandran and Sasisekharan 1968). Typical helical 
secondary structures proposed for proteins are shown 
in Table 1.2 with the corresponding values of o and ý. 
Theoretically, a chain molecule can adopt an infinite 
variety of backbone conformations. In proteins, 
however, steric restrictions limit the values of o and 
ý so that only certain allowed conformations are 
possible. Allowed values of o and ý have been 
calculated using atomic contact distances, for 
dipeptide units (Ramachandran and Sasisekharan 1968), 
and can be represented in a Ramachandran plot showing 
fully allowed, partially allowed and disallowed 
regions as a function of o and *, 'for different amino 
acid residues in a polypeptide chain (Fig. 1.8a, b). 
For glycine (R = H) the Ramachandran plot (Fig. 1.8a) 
C- 
is symmetrical, which is a consequence of the achiral 
atomic structure of glycine. The allowed conformations 
of alanine (R = CH3) are smaller and assymetric 
(Fig 1.8b). This is a result of the chirality and 
unfavourable atomic contacts caused by the CH3 side 
chain. Ramachandran plots for residues with longer 
sidechains, unbranched at the 0 carbon, are virtually 
the same as that of alanine. The alanine plot shows 
three regions of allowed conformation, I, II, and III 
in which the proposed helical structures of Table 
1.2 
are located. Region I contains the right-handed a, 
31o, 
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TABLE 1.2 s 
APPROXIMATE VALUES OF DIHEDRAL ANGLES FOR 
SOME REGULAR STRUCTURES 
STRUCTURE 
Right handed a helix 
Left handed a helix 
Parallel-chain pleated sheet 
Antiparallel-chain pleated sheet 
Polyglycine II 
Collagen triple helix 
0 (deg) ý (deg) 
123 133 
237 227 
61 293 
41 315 
100 330 
135 328 
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360 
180 
-3- 
4 (deg) 
b. 360 
S180 
-1. 
0 
0 (deg) 
0 
Fig-Lire 1.8. Ramachandran plots showing steric contour diagrams 
f or dif f erent amino acid residues in a pol. ypept, i de 
chain: a) a glycyl residue and b) an L-alrtnyl residue. 
Dark zones show fully allowed regions arid light zones 
partially allowed regions. Also indicated on the 
alanine plot are the coordinates of the right. - arid 
left-handed a helices (a), parallel (TT) and anti- 
parallel (14) pleated sheets, polyglycine 
arid collagen (c) structures. (From Cantor, C. P. and 
Schimmel, P. R. (1980), Biophysical Chemistry, Vol. . 
1, 
p. 259, W. H. Freeman, San Francisco). 
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and TE helices: region 11 the left-handed a, 31o , and iT 
helices; and region III the f3 and collagen structures. 
Region II is only partially allowed and thus the 
greater stability of right-handed helices is forecast 
correctly. Extension of the above ideas from a --ý. ingie 
amino acid in a polypeptide chain to a geometrlcaiiý- M 
regular helix was made by Venkatachalam and 
Ramachandran ( 1967 ) with resulting Ramachandran piots 
possessing more restricted areas than obtained for 
sinale amino acid only. 
Eneraly contours indicating the thermodynamically 
fa, vourable conformations are a further extension of 
Ramachandran plots so that secondary structures can he 
considered not only in terms of steric feasibility, 
but also in terms of overall energy. In calcuiating 'M " -5 
the energy contours, three types of interaction are 
normally included (Bell and Bell, 1988): - 
Non bonded interactions 
2) Dipolar interactions 
Intrinsic torsional potential 
The energies of these interactions can be calcul-tted 3 
mI f or spec if ic -values of o and the total energy of ---i 
partiCLIlar conformation, E(o, 
being the sum ot 
.5 
the individual contributions from each interaction, 
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Energy contours calculated in this way are shown in 
Fig. 1.9a and 1.9b for a glycine and an alanine 
residue in a polypeptide chain, respectively. As with 
the Ramachandran plot (Fig. 1.8a), the energy map for 
glycine is symmetrical whereas that of alanine has 
three areas of low energy, corresponding to the 
allowed regions in Fig. 1.8b. o and ý parameters for 
the proposed right-handed and left-handed helices lie 
close to the minima of regions I and II, whereas the 
region of lowest overall energy, region III, 
corresponds to 0 structure. If dipolar contributions 
are omitted from the energy calculations, region I has 
a lower energy than region III, emphasizing the 
importance of dipolar interactions in determining 
protein secondary structure. 
Alanine can be considered as representative of most 
amino acids containing a sidechain, and energy contour 
maps of most other amino acids have the same 
characteristic low energy regions. One notable 
exception to this is proline: becausQ of the rigid 
pyrrolidine group, the value of o is fixed at 
approximately 120' ,a plot of energy versus ý 
having two 
minima at ý= 120' (region I on the alanine plot) and 
ý= 325ý (region IlI on the alanine plot). ý= 120' 
corresponds to a compact conformation which is often 
observed in turns or bends in protein chains, whereas 
the more extended conformation, ý= 325ý, is 
characteristic of the values obtained for collagen and 
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Figure 1.9. Energy COtItOLIr diagrams for a glycyl residue (, q, 7) and 
an L-alanyl residue (b) in a polypeptide chain. 
Changes in shading show I-k cal. i'nLervals- ( F'r om 
Cantor, C. P. and Schimmel, P. R. (1980), Biophysical 
Chemistry, Vol. I, p267, W. H. Freeman, San Francisco). 
180 
0 (de g) ... 
360 
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360 
180 
0 
Figure 1.10. Energy contour diagram for an L-alanyl residue that 
is succeeded by prolinee Region I of Fig. 1.9b -is forbidden; thus a helical structures are not an 
available conformation. (From Cantor, C. P. and 
Schimmel, P. R. (1980), Biophysical Chemistry, Vol. 1, 
p. 271, W. H. Freeman, San Francisco). 
180 360 
ý (deg) 
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poly-proline structures (see Fig. 1.8b). The most 
important point concerning proline residues, however, 
is the effect they have on the energy map of the 
residue preceeding them. Steric restrictions involving 
the atoms of the pyrrolidine ring mean that region I 
of the alanine energy map is forbidden (Fig. 1.10), 
and consequently the a helix is not an available 
conformation. Proline residues are thus never found in 
cx helical structures unless they are the first 
residue. 
1.5.2.2. Specific helical conformations and their 
stabilization 
The most well-known of protein secondary structures 
are the a helix, J3 sheet and 13 turn. Generally 
speaking, if four or more consecutive residues have 
and ý angles within 40' of (120', 130'), the region of 
peptide is in a right-handed a helix. If three or more 
residues have 0 and ý angles within 40* of (60*, 290*) 
or (40', 315'), the structure is 0 strand (either 
parallel or antiparallel). J3 Turns consist of four 
consecutive residues where the polypeptide chain 
folds 
back on itself by approximately 180*, proline often 
occurring in the second position (Bell and 
Bell, 
1988). These structures have been elucidated through 
x-ray diffraction of proteins and, particularly, 
homoPolypeptides. Various factors influence the 
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stability, the most important being hydrogen bonding 
n 
and the polarity of the amino acid residues. 
ct- he i ix 
The right-handed a helix is illustrated in Fig. 1.11. 
Its basic features are 3.6 residues per turn with a 
translation along the helical axis of 1.5A per residue, 
, i,., ing an overall pitch of 5.4A and diameter of 
approximately 6A; the valUes of the conformationai 
parameters o and* are 123 and 133 for the "perfect" a 
helix. The high stability of the a helix is attributed 
to the "intra helix" hydrogen bonding. Neglecting end 
effects, each peptide carbonyl grOLIP is hydrogen 
bonded to the NH donor four residues along the chain 
so that, when the helix is viewed with the N-terminus 
at the top, ail the carbonyls point Lip and the NH 
grOLlps down ( Fig. 1.11 The side chains point away n 
from the helix, a consequence of the L conf iguration 
of the amino acids, making it possible for the 
structure to incorporate almost any sidechain 
including those of large hydrophobic residues -As !5 
discussed above, however, the rigid pyrrolidine group 
of proline and hydroxyproline is incapabie of packing 
into such a structure as it prevents the preceeding 
residue acquiring the conformational angles required nM 
for the a helix and also, because there is no NH -n'rOLIP 
to hydrogen bond. Other residues also inf lUence the 
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Figure 1.11. IllUstration of the right-handed a-helix. 
The 
stabilized by intramolecular hydrogen structure is 
bonding. 
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stability of the a helix, particularly through 
electrostatic interactions which are critically 
dependent on pH and ionic strength. 
strand 
The 13 strand structure is an extended conformation of 
the polypeptide chain, reducing steric. hindrance to a 
minimum. The strand is a two-fold helix, i. e. a 
pleated structure, with o and ý approximately 50* and 
300' respectively. The strands associate together via 
"inter helix" hydrogen bonds (Fig. 1.12) to give sheet 
structures in which all the peptides participate in 
hydrogen bonding. The strands forming the sheets may 
come from quite widely separated regions of the 
polypeptide chain and can be arranged parallel or 
antiparallel. Alternate sidechains lie on opposite 
sides of the sheet structure which is of significance 
when tertiary packing is considered. 
J3 turn 
The M turn or 0 bend (Fig. 1.13) is a structure which 
enables the chain to turn through 180' and still 
maintain energetically favourable conformations. It 
is 
stabilised by hydrogen bonds and frequently contains a 
proline residue in the second or third position 
in the 
compact conformation mentioned previously. 
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Figure 1.12. The P-sheet structure of proteins showing two anti- 
parallel f3-sheet strands stabilized by interchain 
hy; drogen bonding. 
Figure 1.13. The 13-turn conformation, allowing the protein chain 
to turn through 180* and still maintain favourable 
conformations. 
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Polyproline helices and collagen 
The final set of common polypeptide secondary 
structures are the polyproline helices. Poly-L-proline 
is incapable of forming the a structure due to steric 
constraints, but it is able to form two single- 
stranded helices (polyproline I and polyproline 11) 
that are unique among polypeptide secondary structures 
in that they contain no hydrogen bonding. Polyproline 
I is a left-handed helix with 10 residues per 3 turns; 
all the peptide bonds are in the cis form which is 
extremely rare in peptide structures. Polyproline II 
is a left-handed helix containing trans peptide 
bonds; the structure has 3 residues per turn and a 
displacement along the helical axis of 3.12A per 
residue. Inter-conversion between the two types can be 
caused by changes in solvent but under normal aqueous 
conditions polyproline II is the more stable. 
Collagen is unique among proteins in its amino acid 
sequence, which has approximately 1 in 3 of its 
residues as proline or hydroxyproline. The high 
prolinecontent restricts accessible secondary 
structures to polyproline-like helices and the 
collagen molecule is composed of three chains, each 
in 
the left-handed polyproline II helix, wound into a 
right-handed superhelix which 
is stabilised by inter- 
chain hydrogen bonds. As a consequence of 
the collagen 
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triple helical dimensions there is a further primary 
structure requirement which is that the small glycine 
residue must occur at every third residue along the 
polypeptide chain, resulting in triple helical regions 
always being composed of Gly-X-Y repeating triplets. 
Collagen structure will be discussed in more detail 
in Chapter 2. 
As can be seen from the above discussion, hydrogen 
bonds play an extremely important role in directing a 
polypeptide chain to a particular secondary structure. 
Other factors such as pH, ionic strength, etc., are 
also crucial in deciding the type of secondary 
structure in which a protein may exist. Indeed, as 
previously mentioned, a simple change of solvent can 
favour the polyproline I structure over the 
polyproline II structure. Another example of such a 
transition is the a-helix -> M sheet transition for 
poly-L-lysine. 
The study of such transitions provides further insight 
into the thermodynamic stability of secondary 
structures and the factors governing this. Various 
physical techniques are used to monitor 
the 
transitions and of particular importance are 
chiroptical studies, as different chain conformations 
interact differently with plane polarised light, 
rotating it to different extents. 
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Another important consideration in secondary structure 
stabilisation is the length of the helical 
conformation. Consider for example the transition from 
a random coil to an a helix. Fig. 1.14 is a schematic 
diagram of the hydrogen bond network. As the hydrogen 
bonds are formed between the (ith) and (i+4)th 
residue, six dihedral rotation angles are spanned. The 
formation of the first hydrogen bond involves the loss 
of a substantial amount of conformational entropy (six 
dihedral angles becoming fixed) in return for the gain 
in energy associated with the formation of only one 
hydrogen bond. All successive residues joining the 
helix, however, will involve the fixing of only two 
dihedral angles, a considerably lower entropic 
barrier, in return for the gain in energy associated 
with one hydrogen bond. The tendency is thus to form 
long stretches of helical structure to overcome the 
initial loss of entropy. This effect also explains the 
co-operative nature of secondary structure formation. 
Finally, the type of secondary structure is dependent 
on interactions of the amino acid residues with the 
solvent and also with adjacent residues. Different 
amino acids occur preferentially in different 
structures, and from the large data base of known 
protein structures it is possible to assess the 
probability of specific amino acids occurring in each 
type of secondary structure (Table 1-3) in proteins of 
unknown conformation. 
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Table 1.3. Classification of amino acid residues as formers 
breakers or indifferent for cA-helical and 
, 
8-sheet regions. 
Helical 
residues Classification 
#-Sheet 
residues Classification 
Glu H., Met Ho 
Ala Hý Val Ho 
Leu H. Ile Hp 
His h, Cys hp 
Met h,, Tyr hp 
Gin h,, Phe hp 
Trp h,, Gln hp 
Val h. Leu hp 
Phe h,, Thr ho 
Lys 12 Trp hp 
Ile 1,2 Ala Ip 
Asp 4 Arg io 
Thr 4 Gly io 
Ser 4 Asp io 
Arg 4 Lys bp 
Cys i2 Ser bp 
Asn b,, His bp 
Tyr h, Asn bp 
Pro B, Pro b# 
Gly B, Glu Bp 
NOTE: H= strong former; h= former; I= weak former; i= indifferent; b= breaker; 
B= strong breaker. 
SOURCE: P. Y. Chou and G. D. Fasman, Biochemistry 13: 222 (1974). 
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1.6. TERTIARY AND QUATERNARY STRUcTUREs 
Generalisation! ý-. Dq! - Structures -scribing 
Tert-lar, 
The tertiary structure of a protein is the wav in 
which the secondarý, structural elements pack together 
to form the globular molecular units of proteins. 
A number of general rules have been formuiated to 
describe tertiary structure: - 
1. The conformation of individual peptide groups fall 
into the stable ranges predicted trom eneraý n, 
calculation so that the resultant secondary and 
terticary structures are limited by the constraints 
imposed by the allowed dihedral angles. 
193L 
2. Almost all the polar sidechains in the protein are 
at the surface of the molecule where they can be 
solvated, thus stabiiizing the molecule. Exceptions to 
this rule indicate that the 'non-surface' polar grotips -3 
may be involoved in some specific internal function. 
3. Non-polar hydrophobic residues are located 
I preterentiallv in the interior of the molecuLe in 
water-soluble globular proteins. Exceptions to this 
rtlie Lire. gLycine and alanine because of their 
and probably iipid-interacting (e. g. transmembrane) 
proteins where the hydrophobic residues mi--Yht be 
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expected to be on the outside. 
4. Virtually all hydrogen bond donors and acceDtors 
are located where they can be satisf ied. At the 
surface the groups tend to be solvated, while in the 
interior., they are incorporated into ordered secondary 
structures. 
These basic ruies were derived from X-ray 
crystalography of myoglobin by Kendrew et al. (1961, 
1963 ), but in generai are found to be satisfied for 
most known protein structures. 
Tertiary StrUCture Determination and 
Prediction 
There are a variety of methods used for protein 
tertiary structure determination but the results 
rarely give precise structural information, except 
in the case of X-ray crystallography, which is the 
most powerf ui tool giving information abOUt the 5n 
actual positions of the residues in the protein ýinit . 
When X-ray studies are not possible, other techniques 
utilized include: - 
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1) Solvent perturbation, where small molecules can 
alter the environment of surface chromophores giving 
an indication of the solvent exposure of Such 
chromophores. 
2) Limited proteolysis in the presence of dif f erent 
ligands: altered suscept, ibility to proteases is 
indicative of conformation chanjze. 5 
3) Chemical modification of certain amino acid 
sidechains indicates the availability of these 
residues to water-soluble reagents and hence their 
position within the globular protein ( surface or 
interior) . 
4) Sedimentation, gel filtration or light scattering 
crive a general picture of the dimensions of the n 
protein unit. 
More information however can be obtained by the use of 
these techniques in conjunction with predictions from 
the generalisations, about tertiary Structure described 
earlier, particularly if the amino acid sequence is 
known. In a protein a particular a helix or 0 sheet. 
will be orientated in the tertiary structure so that 
it obeys the simple rules. In P sheet structures 
alternate residues lie on either side of the sheet; 
if 
all the residues are hydrophobic the secondary 
structural element would be expected to 
be found in 
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the interior of the molecule. If however, one side of 
the sheet is hydrophobic and the other is hydrophilic, 
it would be predicted that the structure would be at 
the surface of the molecule with the hydrophilic side 
facing out and the hydrophobic side in. Similarly, a 
helical regions can be assessed in terms of areas of 
hydrophobicity by means of 'Edmundson Wheels' (Fig. 
1.15). These represent a projection of the helical 
structure on to a flat surface looking down the 
helical axis, again showing that the positions of the 
residues in the primary structure can lead to 
hydrophobic and hydrophilic sides. 
From analysis of 0 sheet regions of proteins with 
known crystal structures, two further generalisations 
have become apparent: - 
1) In antiparallel sheet structures branched side 
chains are next to unbranched side chains to give 
better packing. 
2) In parallel sheet structures branched sidechains 
are found next to each other as are unbranched. 
Obviously, knowing the primary sequence it is now 
possible to predict whether the 
0 sheet structure will 
be parallel or antiparallel. 
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It is therefore possible to obtain a great deal of 
information rec-yardin, -:, r tertiary structure if' the sj-mpLe 
rules are used in con. itinction with the experimental 
techniques described above. 
1.6.3. Protein Foiding and Unfolding 
I'he t olding ofa prote in into the spec 1f ic three- 
dimensional tertiary structure and loss of this 
structure (denaturation) has been the subject ot stuctv 
for many years. The arguments fall into two 
s categories, thermodynamic control and kinetic control 
Studies of proteins such as staphyloccal nuclease 
have shown that complete activity can be recovered 
after denaturation, supporting the thermo-dynamically 
9- 
controiled mechanism. Temperature jump studies have 
been used to follow transitions associated with the 
unfolding of chymotrypsin and ribonuclease and have 
given single relaxation times consistent with a simpte 
two state model . This again suggests the rinodvtiýuiiLc 
control. 
In other proteins such as muscle aldoiase, 
renaturation has lead only to partial recovery of 
activity, the rlte of regain being 
dependent on the n 
presence of a substrate or other lioand. 
This sukýLyest, -. -7 
that the renaturLition process is pathwaý--(Aep, -ýndenl 
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LEU r ALA 
GLN ALA 
THR \ ALA 
T4 HKR 
WM 
E IT 
SER LEU ILE 
Figure 1.15. Example of an Edmundson wheel illustrating the manner 
in which helical sequences can have hydrophobic 
(shaded segments) and hydrophilic (open segments) 
sides. 
-q ifl_- 
V 
Unfolded Polypeptide 
Transitory elements of 
secondary structure form as 
a result of short range 
interactions 
Long range interactions form 
Regions of Secondary Structure 
refined as a result of Long 
range interactions 
Final active conformation 
formed after rearrangements 
of side chain environments 
and minor conformotional 
adjustments 
Figure 1.16. Diagramatic illustration of the way a polypeptide 
chain may fold into the final native structure through 
nucleation of areas of local secondary structure which 
interact favourably with each other. 
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(i. e. kineticallY controlled). There is also evidence 
that protein folding can occur before complete 
synthesis of the protein, meaning the complete protein 
chain is not a prerequisite for folding, again 
supporting kinetic control. 
Most proteins capable of successful, complete 
renaturation are usually globular proteins of small 
size while large, often multi-subunit, proteins are 
incapable of complete renaturation. The folding 
process cannot be completely random as the time 
required to attain the correct tertiary structure by 
random sampling of all possible conformations would be 
far greater than observed folding times. It therefore 
seems likely that folding is kinetically controlled, 
with nucleation events directing the process. The 
scheme illustrated in Fig. 1.16 indicates the way in 
which a polypeptide chain may acquire its native 
structure through nucleation, in different parts of 
the chain, of areas of local secondary structure which 
can either interact favourably or unfavourably with 
one another, directing the folding process. For small 
proteins the process is rapid, occurring in a 
co-operative manner, giving the two state kinetics 
often observed, whereas with larger proteins, there 
are more possibilities of metastable structures 
forming, leading to more complex kinetics. 
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_Quaternary 
Structure 
The term "quaternary structure" is used to describe a 
macromolecular system consisting of non-covaientiy 
linked subunits, the assemblies of which are described 
by the following designations: - 
Stoichiometry - The number and type of each kind of 
subunit involved. 
Architecture -A description of the geometric 
arrangements of the subunits including the type of 
symmetry formed. 
Assembly -A description of subunit interactions 
within quarternary structure and the nature of 
interface contacts between subunits. 
Inter-subunit communications -A description of the 
ways that conformational changes within one SUbunit of 
an oligomer affect the conformations of other subunits 
within the same oligomer. 
The first thing to learn about the quarternary 
structure is the number and type of subunits. These 
can range from the simplest possible case of a protein 
with only two identical subunits, e. g. liver alcohol 
dehydrogenase, to more complex proteins with multIple 
numbers of each of several types of subunits, e. g. 
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pyruvate dehydrogenase [t24 (P2)12(F2)121. 
It is also possible to obtain polymeric structures, 
where the relative composition is fixed but the 
overall size is not, e. g. microtubules [ (CLO)n I- 
A variety of techniques are used to learn about the 
stoichiometry of oligomeric proteins, which usually 
involve determination of the molecular weight of the 
oligomeric form before denaturation, and of the 
separate subunits after denaturation. 
An oligomer consisting of a number of subunits could 
have a large number of spatial arrangementsq the 
number increasing with the number of subunits in the 
oligomer. The number of possible arrangements are 
limited, however, by two assumptions which appear to 
hold in most cases: - 
1) All subunits are in equivalent, or. pseudo 
equivalent, environments. Strictly, this applies only 
to homo-oligomers, but frequently hetero-oligomers 
can be considered as being composed of multiples of 
it effective subunits" (e. g. a13) each containing two 
subunits. 
2) The bonding potentials of the subunits must be 
saturated. 
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ýrhe assembly of the subunits into the quaternary 
structure can occur in various ways. In homo-oligomers 
the process can involve stepwise aciditLon of' subunits 
to the growing "core" until the stable oligomeric 
structUre is formed, or stable tntermediates may be 
formed which then associate to give the final 
structure. With hetero-oligomers the latter seems the 
most likely. The study of such associations is 
f requently monitored using techniques such as 
sedimentation, crel filtration or light scattering. n 
The quaternary structure is determined by the 
tertiary structural subunits which in turn are 
determined by the secondary structUral elements. It. 
should be noted, however, that the 
formation of a 
particular quaternary structure 
from its constituent 
subunits may, to some extent, affect 
the tertiary 
structure and hence possibly 
the secondary structure 
of the subunit. 
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CHAPTER 2: COLLAGEN & GELATiN 
INTRODUCTION 
Gelatins are proteinaceous materials which have no 
existence in nature but are derived from the parent 
protein collagen by various methods of extraction, 
which involve the destruction of the collagen 
secondary structure and, in most cases, parts of the 
primary structure. Scientific interest in gelatins 
arose because of their physical properties, which are 
of great importance in the food and photographic 
industries. The study of gelatins has also enabled 
advances to be made in the understanding of the 
biologically significant parent protein, collagen 
(Veis, 1964). 
Collagen is the major protein component of a wide 
range of species, occurring in such tissues as bone, 
skin, tendon, cartilage, cornea and basement 
membranes. In skin, tendon and cartilage, collagen 
constitutes over 70% of the dry weight (Grant 
& 
Jackson, 1976 ). 
The maJor function of collagen in the 
body is as a 
structural macromolecule. All 
tissues whose primary 
function are either weight-bearing (bone, cartilage), 
transmission of forces (tendons, ligaments), 
45 
protection or compartmental i sat ion (dermis, fascia) , 
transmission of light (cornea, -vitreous), or 
distribution of f lUids ( blood vessels, Ylanctular n 
ducts ) contain collagen as a major component 
Bornstein & Traub, 19,79 In vivo collacen occurs n 
as white, opaque, non-branching fibrils embedded in a 
matrix of mucopolysaccharide and other protein. Fhe 
architecture of the fibrils in a particular tissue is 
determined in part by the genetic collagen type (see 
Table 2.1) and by the association of collagen or 
collagens with other structural macromolecules such as 
proteoglycans and acidic glycoproteins. The diversity 
in the architecture of the fibres in collagen- 
containing tissues can be illustrated by considering 
skin and tendon. In skin, the collagen fibres are in 
an irregular "loose- weave" allowing for extension 
in all directions within the plane of the tissue, 
whereas in tendon, fibre bundles are large and 
arranged in parallel, giving tensile strengths as 
great as 20-30 kg/mm4 of tissue (Bornstein & Traub, 
1979) - 
Regardless of the species and tissues 
from which the 
collagen fibres originate, they 
have many things in 
common. 
1) The amino acid content of the protein chains 
is 
approximately one-third glycine with 
the imino acids, 
proline and hydroxyproline, contributing, 
between 
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15-30% of the remainder of the chains. 
2) A characteristic X-ray diffraction pattern arisin, 4 
from the triple-helix structure (see later). 
3)A characteristic banded structure when viewed in 
the electron microscope (Balian & Bowes, 1977). 
The development of ideas with respect to collagen and 
gelatin throughout the years is reflected in the 
g ,.,, eneral nomenclature now used to describe these 
biopolymer systems. It is useful at this moment to 
give a general description of the nomenclature to be 
used throughout this thesis which is the same as that n 
suggested by Bornstein and Traub (1979). 
The general term "collagen" has been used to refer to 
C- 
the collagenous component of a tissue or structure, 
and this is a very loose definition. More 
specifically, collagen refers to the collagen 
molecule or monomer which consists of three 
a chains and is the basic monomer unit serving as a 
building block for the collagen fibre. Collagen 
fibres may have a diameter of 0.1-15 pm and consist of 
bundles o'f fibrils, which may range in diameter 
from 
about fifty to several thousand 
Angstroms and are seen 
in the electron microscope as distinct entities. 
Fibrils may be composed of small assemblies called 
microf ibrils - 
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The collagen molecules commonly found in skin, tendon, 
ligament and bone ( type I collagen) consist of two 
di ff erent a chains, al and q2, the molecule being 
designated by the formula f cLl( I) L2 cL2( I)- 
Different types of coilagen molecules exist in which 
the amino acid sequence of the a chains is different. 
For example, Type II coilagen consisting of three 
identical a chains is designated [CL1(II)13. 
Covalently-linked dimers of a chains are referred to 
as Jý-components; J311 designates an al - al dimer, 
1312 an al - q2 dimer etc. Covalently-1 inked 
trimers are referred to as -Y components. 
Geiatin is a term used to indicate a denatured or 
unfolded collagen; intact or fragmented a chains, 
0 components and y components can all be present and 
referred to as gelatin. 
Pro-collagen is the biosynthetic precursor of 
collagen, consisting of three pro- chains. The 
pro-collagen molecule consists of a triple helicai 
region formed by the a chains and two domains, iin-iqii, ýý 
to the precursor, located at the amino-and 
carboxy-terminal regions of the chains. Intermediates 
between pro-collagen molecules and collagen moleCUles 'M 
in which the extensions are partly removed are 
termed 
PN-collagen molecules have the 
ý-tmino terminal extension 
but not the carboxy-terminal 
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domain, whereas Pc -. 9ýýaen molecules have the 
carboxy-terminal extension but no amino-terminal 
domain. 
2.2. DIFFERENT COLLAGEN TYPES 
Prior to 1970, all vertebrate collagens were regarded 
as a simple class of molecules composed of two al 
chains and one u2 chain with only minor heterogeneity in 
composition between species (Asghar and Henrickson, 
1982). This has, however, changed over the last 
fifteen years with the discovery of 11 genetically 
distinct types of collagen, with the possibility of 
more being characterised in the future. The molecuiar 
species associated with each type of collagen all 
fulf il the criteria for designation as a collagen 
molecule ( Miller and Gay, 1987 ), that is, they have 
sizeable domains containing the collagen triple helix 
and they participate in the formation of extracellular 
aggregates which fUnction primarily as supporting, 
elements. 
The different collagen types can be broadly classified 
into three groups of molecules (Miller and Gay, 1987 ). 
Group 1 molecules contain chains with molecular 
weights greater than 95,000 and are characterised by a 
300 nm uninterrupted helical region. Group 2 molecules 
similarly contain chains with molecular weights 
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greater than 95,000, but have several helical regions, 
interrupted by sequences of residues incapable of 
triple helix formation. Group 3 molecules are composed 
of chains with molecular weights lower than 95,000. 
Table 2.1 lists the different collagen types along 
with the molecular weight of each chain, in the 
pro-collagen and collagen forms, and the molecular 
species formed by the various chains. 
Group 1 Molecules 
Type I collagen is found in several major tissues and 
is by far the predominant collagen in vertebrate 
organisms. The most common molecular species of this 
collagen is composed of two identical al(l) chains and 
one a2(1) chain. The three chains are associated 
intracellularly through specific interactions of the 
pro-a chains (Kivirikko and Myllyla, 1984). Correct 
chain alignment is probably achieved in the C-terminal 
pro-peptide region where the chains are disulphide- 
linked prior to helix formation (for reviews see 
Fessler and Fessler, 1978 and Prockop et al., 1979), 
and during biosynthesis fold, probably 
from the 
C-terminusq at a rate limited by the cis-trans 
isomerisation of peptide bonds (Bruckner et al., 
1981). Extracellular processing of the pro-collagen 
removes the non-helical 
domains of the pro-a chains so 
that, in the fibrils, the collagen molecules exist 
almost entirely 
in the triple helical conformation. In 
so 
Table 2.1. Molecular weights and type of cw, chain associated 
with the different collagen types. 
Chain M,. 
GROUP Collagen Chains Procollagen Collagen Molecular species 
Type I Ct 1 (1) 140,000 95,000 [al(012a2(l) 
a2(l) 125,000 95,000 tal(l)13 
Type 11 Q101) 140,000 95,000 [al(II)II 
Type III al(III) 140,000 95,000-110,000 [al(III)b 
Type V aI (V) 240.000 115,000 tal(V)]2a2(V) 
a2(V) 160,000 125,000 [a, (V)13 
a3(V) .? ? [a I (V)a2(V)a3(V)) Type K la ? ? ? 
2a ? ? 
3a ? ? 
Type IV al(IV) 185,000 185,000 [al(IV)]2a2(IV) 
cv2(IV) 170,000 170,000 tal(IV)13 
[a2(IV)13 
Type V1 al(vi) 140,000 jal(VI)a2(VI)a3(VI)J 
a2(VI) (240,000) 140,000 [al(VI)13 
a3(VD 140,000 
Type V11 al(vil) ? > 170,000 [a I (V 1013 
Type Vill ? (180,000) (180,000) ? 
Type IX al(IX) -80,000 -70,000 
a2(IX) -80,000 -70,000 [ct I (IX)a2(IX)a3(IX)l 
a3(IX) -80,000 -70,000 
Type X aI (X) 59,000 49,000 
(a 1 W13 
__j 
si 
addition to heterotrimers, homotrimers composed of 
three ul(I) chains are formed in some instances. 
Type 11 collagen is found as fibrous elements in 
tissues such as hyaline cartilages, the notochord, 
nucleous Pulposus and vitreous humour. Assembly 
through pro-a chains and extracellular processing 
occurs as in type I collagen. Type II molecules are 
homotrimers consisting of three ul(II) chains. 
Fibrils formed from type III collagen molecules are 
generall-y found together with the larger type I 
collagen fibres in connective tissues. Type III 
collagen contains three identical al(III) chains 
(Chung and Miller, 1974; Chung et al, 1974). Unlike 
type I and type Il pro-collagen, however, 
extracellular processing of type III pro-collagen 
often results in the retention of the N-terminal 
pro-peptide sequences (Kivirikko and Myllyla, 1984). 
In some instances, the N-terminal pro-peptide is also 
retained in the fibrillar aggregates and this may 
explain the smaller size of type 111 fibrils compared 
to the fibrils of type I. 
Type V collagen is found in a number of tissues but 
only ever represents a small 
fraction of the total 
collagen present (Miller, 
1984). The heterotrimer 
composed of two al(V) chains and one a2(V) chain 
is 
most prevalent, but other 
heterotrime-rs and homotrimers 
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(see Table 2.1) have also been isolated. 
Type K collagen, like type V collageng is only a minor 
collagen and its occurrence is limited to 
cartilaginous structures. Preparations of type K 
collagen contain three identifiable chains (1a, 2a and 
3a) but there is a lack of data concerning the nature 
and organisation of the chains (Miller and Gay, 1987. ). 
The essential features of the group 1 pro-a chains can 
be represented as in Fig. 2.1a. Firstly, there is an 
N-terminal pro-peptide (PN) domain in which the 
initial non-helical domain is followed by a short 
helical region and then a short non-helical segment. 
Secondly, there is an uninterrupted helical domain of 
approximately 300 nm in which the chain has the 
Gly-X-Y triplet repeating sequence characteristic of 
the collagen triple helix; this is flanked at both 
ends by short non-helical sequences known as 
teleopeptides. Finally, there is the C-terminal 
pro-peptide (pc ) part of the chain. In general, the 
non-helical sequences are characterised by the 
presence of acidic and large hydrophobic amino acid 
residues; there are also several cysteinyl residues 
which are involved in intra-chain disulphide bonds in 
the pN domain, and in inter-chain disulphide bonds in 
the pC domain. There can be significant sequence 
variation in the helical regions of 
different a chains 
but the triplet sequence Gly-X-Y is invariably 
S3 
pN aI(I) PC 
139 1056 246 
a. 
-----ý: 
o 
Figure 2.1. Schematic diagram of the chain and molecular 
parameters of group 1 collagen molecules: 
a) the domain structure of pro-al (1) with the 
numbers denoting the amino acid residues in each 
domain and underneath regions of triplet (heavy 
lines) and non-triplet (lines) along the chain; 
b) the conformation of a procollagen molecule with 
helical (solid areas) and globular or non-helical 
regions (open areas) illustrated. 
(From Miller and Gay, 1987). 
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maintained, emphasising the importance of the 
Positioning of a glycyl residue in every third 
Position in triple helical domains. The Group 1 
pro-collagen molecules reflect the structural features 
of the individual pro-a chains (Fig. 2.1b) and consist 
essentially of two globular domains, bracketing a 
lengthy triple helical region which is interrupted, 
for a short span, in the N-terminal portion of the 
molecule. 
Following -extracellular processing, the aggregates of 
types I, II and III collagens exist in fibrils in 
which the molecules associate laterally but exhibit 
definitive axial displacements, being staggered 
relative to one another by integral multiples of the 
distance, D, 67 nm. The overall length of each 
molecule is approximately 4.5D (300 nm)'and axial 
displacement of the molecules thus results in 
alternating overlap and gap zones within the fibrils 
(Fig. 2.2). The sequence in which extracellular 
processing occurs (i. e. the order of removal of the 
pc and PN domains) may be a controlling factor 
in 
the ultimate size and morphology of the fibrils formed 
(Davidson et al., 1975; Fleischmajer et al., 1981; 
Fleischmajer et al., 1983; Miyahara et al., 1984). 
In certain tissues of young organisms, a 
delay in the 
formation of crosslinks between collagen molecules 
in 
the fibres allows native collagen. monomers 
to be 
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extracted under mild aqueous conditions (Ramachandran, 
1967). Much of the work carried out on collagen in the 
past has been performed on type I collagen extracted in 
this manner. 
Group 2 Molecules 
Type IV collagen occurs exclusively in basement 
membrane structures. Aggregates of type IV collagen 
are not readily dissociated, due to lysine-derived 
crosslinks and probably covalent interactions with 
other constituents of basement membranes (Miller and 
Gay, 1987). There is also evidence that disulphide 
crosslinks are involved in stabilising the aggregates 
(Kleinman et al., 1982). The number of different a 
chains in type IV collagen is not known for certain, 
but the molecular species [al(IV)12 a2(IV) and 
[CL1(IV)13 have been identified. 
On exposure of type IV aggregates to pepsin under 
conditions which cleave non-helical regions, 
considerable fragmentation occurs, indicating that 
there are numerous regions within type IV collagen 
lacking the typical collagen fold. The general 
structural features of the type IV molecule 
have been 
discerned by electron microscopy. Rotary shadowing of 
molecules extracted from mouse tumour revealed 
the 
presence of highly flexible thread-like molecules, 
terminating at one end in a globular knot (NC1 
domain) 
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Figure 2.2. Illustration of the overlap and 
in collagen fibres as a result 
displacement of the molecules. 
INTERRUPTED 
7S NC2 HELICAL DOMAIN 
N 
gap zones created 
of the axial 
NCI 
C 
Figure 2.3. Schematic illustration of the domain structure of 
type IV collagen showing the positions of the NCI, 
NC2,7S and interrupted helical domains. 
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and at the other end in a compact helical zone ( 7S 
domain) (Hoff man et al. 1984; Timpl et al -, 1981 
Next to the 7S domain is a relatively large 
non-helical region (NC2 domain), followed by a long 
helical region which has 12 interruptions of the 
Gly-X-Y triplet structure, giving the molecule the 
high degree of flexibility (Fig. 2.3). 
Aggregation of the type IV molecules appears to be 
through formation of tetramers, by interaction of 
the 7S domains; the tetramers then form a mesh-like 
network, suitable to serve as the scaffold for sheaths 
of basement membrane through interaction of the 
globular domains. 
Type VI collagen contains three different a chains, 
al(VI), cL2(VI) and cL3(VI), the molecular species being 
a heterotrimer of all three chains. There is also 
evidence for a homotrimer composed solely of the more 
acidic al(VI) chain (Furuto and Miller, 1981). The 
essential features of the type VI molecule are a 
central triple helical domain, of approximately 105 nm 
length, terminating in large globular domains at both 
ends (Furthmayr et al. 1983 ). The f ibrillar 
structure of type VI collagen involves the end-to-end 
association of tetrameric molecules composed of 
intertwined dimer subunits (Miller and Gay, 1987). 
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There is very little data on the chemical properties, 
chain composition and domain structure of type VII and 
type VIII collagen. Type VII collagen appears to be 
constructed from three identical cLl(VII) chains, 
whereas the number of different a chains present in 
type V111 collagen is not known (Miller and Gay, 
1987). Both type VlI and type VIII collagen, however, 
have interrupted helical domains and are thus classed 
as group 2 molecules. 
Group 3 molecules 
Group 3 molecules differ from group 1 and group 2 
molecules as they are composed of chains with 
molecular weights less than 95,000. Type IX and type X 
collagen are the most well characterised of group 3 
molecules and both occur exclusively in cartilage. 
Type IX collagen molecules consist of three different 
a chains, the molecular species being designated 
[al(IX)a2(IX)a3(IX)I. Each pro-a chain has an 
approximate molecular weight of 80,000, the separate a 
chains having a molecular weight of 70,000. The 
collagen IX molecules have a central triple 
helical 
region flanked by two interrupted 
helical regions 
which are attached to small pN and pC 
domains (Miller 
and Ga"Y9 1987). 
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Type X collagen is probably composed of three 
identical a chains, although this is not known for 
certain. The molecule has a triple helical domain, 
approximately 150 nm long, with a globular domain at 
one end of the helix (Schmid et al., 1984). It is 
not known whether the globular domain is at the 
N-terminal or C-terminal end of the molecule. 
To summarise, it has been shown that collagen 
molecules and fibres are much more complex than 
initially envisaged. However, type I collagen is by 
far the most common, and as such is of course 
undoubtedly the collagen type which has most influence 
on the type of gelatin obtained industrially. The 
basic triple helical structure which occurs in all the 
collagens is of paramount importance in dictating 
their properties; the conformation and stabilisation. 
of the triple helix will now be discussed in more 
detail - 
2.3. THE COLLAGEN TRIPLE HELIX AND ITS STABILISATION 
Triple Helical Structure 
The helical regions of collagen molecules have a 
characteristic amino acid composition, one 
third of 
which JLs glycine and Lip to one 
third the imino acids, 
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proline and hydroxyproline. This is quite different 
from the composition of other proteins and, indeed, 
hydroxyproline occurs almost exclusively in collagens. 
Within the helical regions of the chains, the sequence 
of amino acid residues is composed of Gly-X-Y 
repeating triplets, with proline often occurring in 
position 2 and hydroxyproline in position 3 of the 
triplets (Hannig and Nordwig, 1967). 
The present knowledge of the nature of the helical 
secondary structure of collagen molecules was derived 
from detailed X-ray diffraction studies and 
interpreted in the mid 1950's in the light of the work 
of Pauling and Corey (1951) on bond angles and lengths 
of the peptide unit. The X-ray fibre diffraction was 
generally carried out on collagen fibres 
reprecipitated in various forms from solutions of 
soluble monomeric collagen, obtained from the tissues 
of young animals prior to molecular crosslinking. 
The basic features of the wide angle X-ray diffraction 
are a strong meridional are at 2.86A, arising from the 
repeat distance along the fibre axis and an 11A, 
hydration-sensitive, equatorial reflection relating to 
distances transverse to the fibre axis; further arcs 
can also be seen at 9.5A and 4A (For further 
information on the X-ray data, see the reviews of Bear, 
1952; Harrington and Von Hippel, 1962; ý Low, 1953). 
The generally accepted interpretation of the 
fibre 
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diffraction arose from the work of Ramachandran 
(I Ramachandran, 1956; Ramachandran and Ambady, 1954; 
Ramachandran and Kartha, 1954; Ramachandran and Kartha, 
1955) who proposed a model for collagen structure 
using the following assumptions: 
1) the N-H and C=O bonds of the protein backbone are 
at right angles to the fibre axis (Ambrose and Elliot, 
1951) . 
2) the helix is a left-handed helix as the sign of the 
specific rotation is opposite to that of the a helix. 
3) all peptide bonds are in the trans configuration 
as indicated by infra red studies. 
Similar structures were proposed at the same time by 
two other groups of workers (Rich and Crick, 1955; 
Cowan and McGavin, 1955) and it is upon these 
proposals that the present model for collagen is 
based - 
The proposed model can be envisaged by considering 
three polypeptide chains, each coiled in a left-handed 
helix with ten residues in three turns, arranged 
parallel to each other in an equilateral triangle of 
side 5A (see Fig. 2.4a). The three chains are then 
further twisted about a common central axis to give a 
slightly right-handed super 
helix with an overall 
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repeat distance of approximately 86A and a translation 
of 2.86A from a residue on one chain to the 
corresponding residue on another, thus accounting for 
the strong meridional are. As a consequence of the 
right-handed twist about the common central axis, 
each chain in the resultant structure has a repeating 
unit consisting of three residues (see Fig. 2.4b). 
Initially, Ramachandran had proposed an exact three- 
fold screw symmetry for each chain, the three chains 
packing together in a linear parallel fashion 
(Ramachandran and Kartha, 1954). This was modified, as 
described above, to take into account the revised 
number of residues per turn, but it is interesting to 
note that the exact 3-fold screw axis was found to be 
correct for the polypeptides, poly-L-proline (Cowan 
and McGavin, 1955), polyglycine (Crick and Rich, 1955) 
and poly-L-hydroxyproline (Sasisekharran, 1959). 
2.3.2. Stabilisation 
Although general agreement was reached on the helical 
parameters for collagen, there were minor 
differences 
between the three groups of workers in their 
interpretations of the molecular structure of the 
triple helix. Rich and Crick (1955) described 
two very 
similar structures, I and 
II, which were both 
compatible with the 
X-ray data. The differences 
between structures I and II are 
in the location of the 
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Figure 2.4. a) The three left-handed helices of the collagen 
structure arranged parallel to each other in an 
equilateral triangle of side 5A. The a carbons of 
each chain are numbered with the repeat structure 
of ten residues in three turns being illustrated. 
b) The three left-handed helices are wound about the 
central axis with a right-handed twist. The valUe 
of 30* per three residues of the super coiling twist 
leads to a major pitch of about 108A, corresponding 
to 36 residues and a resultant structure about the 
central axis such that each chain has a repeating 
unit consisting of three residues. 
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hydrogen bonds stabilising the helix; the same number 
of hydrogen bonds are present in both structures, that 
is, one hydrogen bond per triplet. If the peptide bond 
which is nearest the centre of the three chains is 
designated position I and the next two groups up the 
chain 2 and 3 respectively, then structure I involves 
hydrogen bonds between the N-H of the residue in 
position 1 and the C=O of the residue in position 1 on 
the neighbouring chain; in structure 11 the hydrogen 
bonds are between the N-H of the residue in position 1 
and the C=O on position 2 of the neighbouring chain 
(see Fig. 2.5). Structure I can accommodate glycine 
only in positions I and 3 of the Gly-X-Y triplet and 
any residue in position 2, whereas structure 11, 
while only accommodating glycine in position 1, can 
have any residue, including proline and hydroxyproline., 
in positions 2 and 3. Structure II was generally 
favoured on the grounds that it was more sterically 
favourable in terms of the Gly-Pro-Hyp sequence. 
In addition to the structures involving one hydrogen 
bond per triplet, Ramachandran and Kartha (1955), 
using Pauling's principle that the maximum number of 
hydrogen bonds would be formed in a stable structure, 
proposed the structure shown in Fig. 2.6, containing 
two hydrogen bonds per triplet. This eliminated the 
ambiguity of the two singly-bonded structures. 
Again, 
the two-bonded model is capable of accommodating the 
Gly-Pro-Hyp sequence, glycine in Position 
1 being a 
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Figure 2.5. 
Figure 2 . 6. 
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Diagram illustrating the formation of the collagen. 
singly hydrogen-bonded model from the polyglycine 
II lattice. Interchain hydrogen bonds are 
represented by dashed lines: 
a) two polypeptide chains Wound in a left-handed 
three-fold screw axis; 
b) simplified version of (a) showing a carbon atoms 
only; 
C) the third chain is added behind the other two 
(collagen I structure); 
d) the third chain is added in front (collagen 11 
structure ); 
e) the right-handed twisting of the three chains 
to produce the collagen super helix. 
(From Balian and Bowes, 1977). 
A projection of the doubly hydrogen-bonded collageti 
structure proposed by Ramachandran arid 
Kartha ( 1955 
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Figure 2.7. Schematic diagram of the internal hydrogen-bonded 
structures proposed for collagen a) one-bonded 
model; b) two-bonded model. 
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necessity. Fig. 2.7 shows schematically the hydrogen 
bonds involved in the one- and two-bonded models. 
There were numerous attempts to determine 
experimentally the number of hydrogen bonds in soluble 
collagen by the method of hydrogen exchange; however, 
the results were often contradictory. According to 
some studies, there was one stable hydrogen bond per 
triplet (Bradbury, et al., 1958; Traub et al., 
1969; Katz, 1970; Esipova et al., 1972), whereas 
results of other workers indicated two hydrogen bonds 
per triplet (Bensusan and Nielsen, 1964; Jordan and 
Speakman, 1965; McBride and Harrington, 1967a, b; 
Kingham and Brisbin, 1968). The contradictory results 
were explained by Yee et al. (1974) who showed that 
there were two classes of exchangeable hydrogens in 
collagen, slowly and very slowly exchangeable, and by 
Privalov et al. (1979) who demonstrated a 
difference in the temperature-sensitivity of the two 
classes, the slowly exchangeable hydrogens becoming 
rapidly exchangeable at higher temperatures. It has 
been fOUnd that the number of exchangeable hydrogens 
in each class is the same for collagens of different 
composition, stability and enthalpy of melting, 
being 
very slowly and (0.7 ± 0.1) slowly 
exchangeable hydrogens per triplet. 
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Assignment of the very slowly exchangeable hydrogens 
to the hydrogens involved in the bonds at the first 
Position in the triple s -. na the slowly exchangeable 
hydrogens to the bonds in the second position of the 
triplets (Fig. 2.7) thus seems to support 
Ramachandran's two-bonded model, particularly as the 
number of bonds in the second position would be less 
than one per triplet, since imino acids in this 
position, having no hydrogen on the nitrogen, would be 
incapable of forming a hydrogen bond. The situation 
was not as simple as this, however, as the hydrogen 
bond between the two groups in the second position 
would be too long ( 5.1A) (Ramachandran and 
Chandrasekharan, 1968) and it has been suggested that 
a water molecule, or possibly two, act as bridges 
between the C=O and N-H groups (Ramachandran and 
Ramakrishnan, 1976). 
C-. 
The stability of collagen molecules in solution also 
reflects the type of collagen and the species 
from 
which it was obtained. On heating a solution of 
collagen, there is a sharp change in physical 
properties such as viscosity and optical 
behaviour at 
a specific transition temperature where 
the triple 
helical structure is lost and replaced 
by a random 
coil- like conformation; 
the temperature at which this 
happens is known as the melting temperature, 
Tm . The 
melting temperatures of collagens 
from different 
sources are dependent on 
the collagen imino acid 
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COMPosition (privalov, 1982) and as the transition 
enthalpy, 4Hm was found to correlate well with Tm 
(Fig. 2.8) a correlation between AHm and imino acid 
content was also expected; this was found to be the 
case. (See Fig. 2.9a). However, there is a much better 
correlation between the transition enthalpies and the 
hydroxyproline content alone as is shown in Fig. 2.9b. 
The special role of hydroxyproline in the 
stabilisation. of collagen structure was first noted in 
1953 (Gustavson, 1953) but later it was shown that 
collagen melting temperature correlated with the total 
content of proline and hydroxyproline (Burge and 
Hyness, 1959a, b; Piez and Gross, 1960). The ratio of 
proline to hydroxyproline for vertebrate collagens is 
similar, and thus the increased stabilisation due to 
hydroxyproline was considered to be a reflection of a 
more general correlation with imino acid content. The 
increased stability was explained thermodynamically in 
terms of a decrease in entropy for chains having many 
rigid pyrrolidine rings. Consider the melting of a 
collagen triple helix: let AG, AH and AS be the 
differences in free energy, enthalpy and entropy 
between the ordered and disordered conformation. At the 
transition midpoint AG =0 and T= Tm 
i. AGm = AHm - TmASm = 
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Figure 2.8. Correlation between melting temperature ('I'm) and 
enthalpy of melting (Af1m) for collagens from 
different species: (1) cod skin, (2) halibut, 
(3) frog skin, (4) pike skin, (5)" carp swim bladder-, 
(6) rat skin, (7) sheep skin. (From Privalov, 1982). 
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Figure 2.9. Correlation between collagen imino acid content and 
enthalpy of melting (AHm). (1) -. (7) are the same as 11) 
in Fig. 2.8. a) Total prolyl and hydroxyprolyl Pro-Hyp 
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therefore I'm = AHm/ASm 
The change in entropy ASm would decrease with the 
increase in the total number of pyrrolidine groups and 
therefore higher melting temperatures would be 
expected for collagens rich in imino acids. 
This explanation, however, did not explain the 
increased enthalpy of melting with increase in imino 
aci content (Privalov, 1968; Privalov and Tiktopulo, 
1970) since proline cannot create any additional bonds 
in the collagen structure, unlike hydroxyproline which 
contains an additional OH group capable of hydrogen 
bonding. It was also shown that collagen-like 
structures formed by synthetic polypeptides containing 
hydroxyproline were more stable than those of 
corresponding polypeptides containing proline (Traub 
and Piez, 1971 ; Rao and Adams, 1979; Engel et al. , 
1977). It therefore appeared that hydroxyproline did 
have a special role in the stabilisation of collagen 
structure, and indeed, reinvestigation of the data 
on collagen thermal stability (Burjanadze, 1979) 
revealed that Tm correlated much better with 
hydroxyproline content than with total imino acid 
content. 
Invertebrate collagens show no obvious correlation 
y , proline content 
and Tm. This has been between hydrox, 
explained by the occurrence of 
hydroxyproline with 
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equal preference in the second and third positions of 
the Giy-X-Y triplet in invertebrates (Goldstein and 
Adams, 1968,1970), while in vertebrates, 
hydroxyproline is located exclusiveiy in the týiird 
position of the triplet ( Piez, 1976 and Fietzek- 
et al., 1979 Further studies on collagen ( Gry, -ter 3 
et al., 1975; Gelman et al., 1976) have shown 
that 3-hydroxyproline located in the third position of 
the Gly-X-Y triplet does not have the same 
stabilising effect as 4-hydroxyproline, and it has 
therefore been concluded that 4-hydroxyproline in the 
third position of the triplet has a major role in 
triple helix stabilisation (Privalov, 1982). 
Ramachandran et al. (1973) proposed a model in which 
hydroxyproline was involved in structure stabilisation 
(Fig. 2.10b); (see aiso Ramachandran and Ramakrishnan, 5 
1976). In this model, the water bridge mentioned 
pre%-iOLISIY ( illUstrated in Fig. 2.10a) can form one 
extra hydrogen bond with the oxygen of hydroýýyproline Im 
if the hydroxyproline OCCUrs at the third position jr, 
the triplet. A similar model proposed by Fraser- et 
al. (1979) assumed that hydroxyproline and -, -, i yc 1 ne 
were connected by a bridge of two water moleCUies. The 
involvement of water in structure stabiiisat Lon 
through water bridges is not improbable as it is weii 
established that water molecules are capable of 
interacting with their neighbOUrs, and 
it is possibie 
that hydroxyproiine may act as an initiatov Cut- 
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Figure 2.10. Schematic diagrams of hydrogen-bonded networl-cs 
involving water a) with no hydroxyproline 
present arid b) with hydr, oxyproline involved in the 
hydrogen bonding. (From Ramachandran and 
Ramakrishnan, 1976). 
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extensive network of hydrogen-bonded water, enveloping 
the collagen molecule. On the basis of this, several 
theoretically possible models were proposed involving 
water bridges between different parts of the collagen 
molecule (See Tumanyan, 1970; Esipova and Tumanyan, 
1973 and Tumanyan and Esipova, 1973) and it is now 
evident that the stability of collagen must be due, in 
part, to specific incorporation of water molecules. 
There is a great deal of evidence indicating the 
crucial role of water in maintaining the coilagen 
structure. X-ray diffraction studies (Rougvie and 
Bear, 1953; Esipova et al., 1958; Esipova arid 
Chirgadze, 1969; Luscher et al., 1973) and infra 
red studies (Chirgadze et al., 1969; Susi et al., 
1971) both showed that collagen loses its regular 
structure when water is removed. 
The water molecules are not all bound to the same 
extent, and from the analysis of sorption isotherms it 
was concluded that there were 2 or 3 strong water- 
binding sites per triplet in collagen. 
X-ray evidence indicates the strongly bound water 
molecules are located at a distance of 3A from the 
collagen molecular axis (Esipova et al. 1958), and 
infra red dichroism studies (Fraser and MacRae, 1959; 
Suzuki and Fraser, 1974 ) and nuclear magnetic resonance 
studies (Berendsen, 1972; Berendsen and Mighelsen, 
7S 
1965; Dehl and Hoeve, 1969; Chapman and McLaughlan, 
1969; Chapman et al. , 1971 ; Fung and Siegel, 1972; 
Mighelsen and Berendsen, 1973) suggest that the water 
molecules are preferentially orientated to the fibre 
axis. 
From this discussion, it is clear that although the 
general stereochemical features of the collagen triple 
helix are in no doubt, the actual stabilisation of the 
structure is very complex, involving numerous molecular 
interactions, the most important of which are the inter- 
chain hydrogen bonds of the peptide backbone, the 
specific role of 4-hydroxyproline in the third position 
of the triplet and additional stabilisation through 
collagen-water interactions. 
2.4. EXTRACTION OF COLLAGEN/GELATIN 
Collagen is converted into gelatin by denaturation, 
coupled with physical and chemical degradation, of 
intact collagen molecules. This process produces 
solutions of polypeptide chains with approximately 
the 
same amino, acid composition as 
the parent collagen, 
which on cooling are capable of 
forming a gel and, as 
such, have been of great 
importance in the food and 
photographic industries. 
76 
The bulk of collagen molecules in connective tissues 
are covalently crosslinked through aldimine and aldol 
formation via the ý-amino group of lysine and are 
therefore insoluble (Light and Bailey, 1982). Howeverg 
as a result of the delay in intermolecular crosslink 
formation, young tissues frequently have collagen 
monomers present which can be extracted with cold, 
dilute, neutral salt or acid solutions (Ramachandran, 
1967). A solution of collagen monomers is highly 
viscous and has a large negative specific optical 
rotation due to the rigid long molecules and triple 
helical conformation. 
The simplest example of the collagen to gelatin 
transition is the disruption of non-covalent bonds by 
thermal denaturation of soluble collagen. Thermal 
denaturation occurs over a narrow temperature range, 
close to 40*C for solutions of mammalian collagens, 
and is accompanied by an abrupt change in intrinsic 
viscosity, specific optical rotation, sedimentation 
and light scattering properties. These changes 
in 
physical properties are a result of 
the conformational 
transition from the highly extended triple 
helix to 
disordered, flexible random coils (gelatin). 
Fig. 2.11 
shows schematically the conversion of 
type I soluble 
collagen to gelatin. 
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Commercial gelatins are not derived from soluble 
collagen but from the insoluble, crosslinked fibrils 
of bone and skin collagen. Industrial processes employ 
Iyotropic and hydrolytic treatments with aqueous 
solutions of acid or base to break the covalent bonds 
and solubilize the polypeptide chains. The type of 
gelatin finally obtained depends on the combination 
of raw materials, extent and type of raw stock 
treatment- (pretreatment) and extraction conditions. 
Raw materials 
The principal source of collagen for gelatin production 
is the skin and bone of cattle and pigs, although other 
mammalian species and fish are also used, particularly 
for i-esearch. Prior to pretreatment, hides are washed 
free of debris and preservatives, dehaired, degreased 
and may also be chopped to facilitate handling. 1n 
North America, pigskins are a particularly important 
source of raw stock for edible gelatin. Cattle and oxen 
are the major source of bone raw stock. The bone is 
first crushed to the desired size (ca. 1-1.5 cm) and 
degreased. The principal non-collagen component of 
bone, the mineral hydroxy-apatite, Cal o (P04 )6 (OH)2 I 
is then removed by leaching the bone in dilute acid 
(usually 5% HCI) for a few weeks; the resulting 
material is called ossein (Rose, 1986). The ossein is 
washed neutral and kept moist until 
the pretreatment 
stage - 
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Figure 2.11. The thermal denaturation of type I soluble collagen 
showing the different denaturation products obtained. 
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Pretreatment 
Pretreatment swells and softens the hides or ossein 
prior to denaturation and extraction; peptides and 
crosslinks are hydrolysed and impurities are 
eliminated. Alkali and acid pretreatment are the two 
major procedures used. Alkali pretreatment is 
generally used for ossein and hides, whereas acid 
pretreatment is almost always used for pigskins and 
sometimes for ossein. Alkali pretreatment produces 
what are termed Type B gelatins, whereas acid 
pretreatment produces Type A gelatins. 
The alkali procedure usually involves soaking the raw 
stock in large vats of calcium hydroxide suspension, 
at ambient temperature, for periods of time ranging 
from several weeks to several months (liming). In the 
early stages of liming, amidolysis of the asparagine 
and glutamine amino acid residues occurs, converting 
them to aspartate and glutamate respectively (Fig. 
2.12); this has the effect of reducing the isoionic 
point (pI) of the derived gelatin. Underliming and 
overliming reduce the gelatin yield and affect 
physical properties, but obtaining the precise 
conditions required for maximum yield remains somewhat 
of an art. After liming, the stock 
is neutralised with 
dilute mineral acid before the extraction process 
is 
commenced. 
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10-15% sodium hydroxide containing sodium sulphate is 
sometimes used as an alternative to liming for ossein. 
This treatment requires between one and three days and 
transforms the ossein into a fibrous mass which is 
neutralised, washed and solubilised by -heat to produce 
a single grade of high quality gelatin. 
Acid pretreatment differs from liming in both duration 
and amidolysis. Typically, the process involves 
soaking pigskin in dilute mineral acid for up to 48 
hours. This short time period reflects the number of 
acid-labile peptide bonds and crosslinks in collagen. 
Under acid conditions amidolysis proceeds extremely 
slowly, so that few, if any, amide grOLIps are 
converted to carboxylates, resulting in higher 
isoionic points than for alkali pretreated gelatins. 
Following the acid soakt the stock is washed with 
fresh water and adjusted to the correct extraction pH. 
Extraction 
After pretreatment and washing, the collagen is 
extracted with hot water, which causes denaturation of 
the helical conformation, additional hydrolysis, and 
solubilisation of the gelatin. 
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The extraction process is carried out in stages of 
increasing time and temperature (usually 5-10'C rise 
per stage). After each stage, termed a "cook", the 
liquor containing between 3-10% gelatin is drained 
off, fresh water added and the process repeated at a 
higher temperature. The number of extraction stages is 
dependent on the company, but can vary from four to as 
many as ten. 
The gelatin "cuts" from different extracts have 
different physical and chemical properties due to the 
increasing severity of treatment. The first extracts 
tend to be high quality gelatins, with high bloom 
values (gel strengths), whereas later extracts are of 
a lower quality. 
After extraction, the dilute liquors are rapidly 
processed above 40 0 C, to avoid gel formation and 
thermal and biological degradation; they are clarified 
by filtration, concentrated up by flash evaporation to 
25-35% and deionised using ion exchange. - columns. The 
extracts are then dried to 9-12% moisture content by 
crash cooling to a firm gel and blowing with warm air. 
Finally, the gelatin is ground into granules, blended 
with other cuts to produce specific physical 
properties, and packed. Fig. 
2.13 shows schematically 
the procedures adopted in gelatin manufacture. 
For a 
more detailed discussion on gelatin manufacture, see 
Veis (1964); Johns and Courts (1977); Hinterwaldner 
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Figure 2.13. The processes involved in gelatin manufacture. 
(From Rose, 1986). 
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(1977); Rose (1986). The properties of gelatins 
obtained from different extracts and pretreatments 
will be discussed more fully in Chapter 4. 
2.5. PROPERTIES OF GELATINS 
2.5.1. CoMPosition of Constituent Chains 
The molecular composition of different gelatins can 
vary considerably, depending on the species and 
tissues from which they originate and the methods of 
pretreatment and extraction. 
Generally speaking, mammalian gelatins are remarkably 
similar in amino acid composition, even though the 
species from which they are obtained can be extremely 
diverse. As with the precursor collagens, a large 
proportion of the amino acid residues are glycine 
(--1 in 3) while alanine and the imino acids contribute 
approximately another third. 
The remaining amino acids found in gelatin are those 
which are commonly found in other proteins although 
there is a noticeable deficiency in tyrosine, 
methioninet tryptophan, cystine and 
histidine. Fish 
gelatins possess a wider range of composition 
than 
mammalian gelatinse 
This is probably a result of the 
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longer period of evolution to which fish have been 
subjected, during which time changing environmental 
conditions, particularly temperature, must have played 
a role in dictating the various collagen amino acid 
sequences. The hydroxyproline content in f ish gelatins 
is lowest for cold-water fish (cod and halibut) but 
higher for hot water fish (lungfish) and it seems 
likely that this reflects the increased thermal 
stability of collagen helical structures with 
increasing hydroxyproline content (See Section 2.3.2. ) 
Invertebrate crelatins similarly show a greater range n 
of amino acid composition, with particularly large 
variations in the imino acid contents of different 
species. (For a more detailed account of collagen and 
gelatin amino acid compositions see Eastoe, 1967 M 
Species-to-species variation in gelatin composition 
is, however, of only minor significance when 
commercial gelatin is considered. This is because, 
although the study of many dif ferent gelatins is of 
importance for research, most commercial gelatins are 
obtained from either the pig or the cow. The 5 
composition of commercial gelatins will now 
be 
discussed further, with reference to the parent 
collagens and production procedures. 
Typical compositions, expressed in terms of specific 
amino acid residues per 
1000 residues, are listed in 
Table 2 .2 for an acid pretreated 
(Type -A) gelatin, -i. 
8S 
lime pretreated (type B) gelatin and Type I collagen. 
It can be seen that the amino acid compositions of the 
gelatins parallel closely those of the collagen from 
which the gelatin is derived. However, there are also 
differences in composition superimposed on this close 
similarity (Eastoe, 1955). The major difference 
occurs, as mentioned previously, as a result of the 
amidolysis of the asparagine and glutamine in the 
parent collagen (Fig. 2.12). This occurs most readily 
under alkaline conditions and to a lesser extent under 
acid conditions, the effect being to alter the 
isoionic pH (i. e. the pH of a dilute solution which 
has passed through both cation and anion exchange 
resins) of the gelatin by increasing the number of 
free carboxyl groups in the sidechains. The isoionic 
pH is generally close to the isoelectric pH (Rose, 
1986), although the latter can vary depending on the 
concentration of other solutes in the%system. From a 
knowledge of the amide nitrogen content of a gelatin, 
it is possible to estimate its isoionic pH, and vice 
versa, as most samples fall on a smooth curve 
constructed from a plot of amide nitrogen versus 
isoionic pH for many different gelatins (Fig. 
2.14). 
second, but considerably slower, reaction 
occurring 
under alkaline conditions 
is the conversion of 
guanidino groups of arginine 
to amino groups, with the 
liberation of urea. This process 
has only a small 
effect on the overall amino 
acid composition of 
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Figure 2.14. Curv-e showing the relationship between amide 
nitrogen content arid isoionic point (pl ) for a range 
of gelatins (After Eastoe and Leach, 1977). 
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gelatins and, under typical lime processing 
conditions, corresponds to conversion of approximately 
3% of the arginine residues to ornithine (Eastoe, 
1955). 
A final difference observed in the amino acid 
compositions of gelatins compared to their parent 
collagens is a slight general enrichment in the 
proportion of the abundant amino acids with a 
corresponding deficiency in the rarer residues. These 
differences have been attributed to purification 
during gelatin manufacture by removal of non- 
collagenous proteins, and also to the selective removal 
of a specific part of the gelatin precursor during 
alkaline pretreatment (Eastoe and Leach, 1977). 
Consequently, from the above discussion, it can be 
seen that the pH behaviour of a gelatin samp e is 
highly dependent on its method of extraction. I 
Furthermore, the individual molecules of commercial 
gelatin are heterogeneous with respect to amino acid 
composition, as polypeptides of equal length, 
but 
different' amino acid composition, can be produced by 
cleavage at different positions along 
the a chains 
(Rose, 1986). This heterogeneity is an explanation of 
the distribution of isoelectric pH observed 
in 
isoelectric focussing measurements (Maxey and 
Palmer, 
1976). Further evidence of the heterogeneity of 
the 
gelatin chains has come 
from end group analysis. The 
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fluorodinitrobenzene method for determination of 
N-terminal groups has been utilised in a number of 
investigations (Grassman and H6rmann, 1953; Bowes and 
Moss, 1953) including a particularly extensive study 
by Courts (1954,1959,1960). The results showed up to 
eight types of N-terminal groups in various gelatin 
samples, emphasising the largely unspecific nature of 
the hydrolytic breakdown of the gelatin precursor. 
In addition to the peptide backbone, various unusual 
molecular structures are thought to occur to some 
extent in most collagens and gelatins. These unusual 
features include aldehyde groups, possibly present as 
a result of the degradation of the aldehyde-based 
crosslinks mentioned in Chapter 1, 'esterlike' bonds, 
'Y-glutamyl linkages and carbohydrates (see Harding, 
1965 and Gallop et al., 1967). 
Other important factors which can influence the 
properties of gelatin preparations are the 
impurities, 
most notable of which are inorganic substances 
(either 
counterions or free salts) and other proteins and 
mucosubstances present as a result of residual 
material extracted from the animal 
tissues along with 
the gelatin. 
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2.5-2. Molecular Weiývhts and Sizes of Gelatins 
ln addition to the chemical constitution of' gelatin, 
it is also necessary to consider the molecular size 
and weight averages of the chains and indeedq possiblY 
even of greater significance, the molecular weight 
distribution profiles. This is because it is the 
size of gelatin chains which determine, to a large 
extent, the rheological properties of gelatin 
solutions. 
Fhe molecular weight of a -., elatin is thouglit. to be 
close to 90,000. However, commercial gelatins with 
molecular weights closer to 200,000 have been observed 
using light scattering studies (Gouinlock et al. , 
1955 ) and sedimentation experiments (Williams et al. , 
1954 ). Stainsby et 91. ,( 1961 ) have corif irmed the 
occurrence of such high molectilar weights, reporting 
values as high as I million for the higher fractions 
of some gelatins, and it is now well established that 
these gelatins are molecularly disperse (i. e. the high 
molecular weights are not a result of aggre,, yation of 
chains in sOlUt ion ( Stainsby, 197 7a) ). The high 
molecular weight fractions have been shown 
(Gour-ts and 
Stainsby, 1958; Stainsby et al. , 1961 ) to be 
multichain structures, by use of end-uroup anaiy-, 
is and 
light scattering to calculate the number of chains per 
molecule. These multichain structures are 
thought to 
originate from retention of some covalent 
crossliliks 
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from the collagen molecule and not as any consequence 
of the procedure used in gelatin manufacture (Stainsby, 
1977a). More recently, molecular weight distribution 
profiles of gelatins have been obtained using gel 
permeation chromatography and gel electrophoresis. 
Typical commercial gelatins show polydisperse molecular 
weight distributions which can be resolved into 
numerous peaks, the pre-treatment and extraction 
processes controlling, to a certain extent, the 
specific molecular weights obtained (See also Chapter 
The actual size arid shape of gelatin molecules in 
solution have been studied, but interpretation of the 
results has proved to be difficult. There is no single 
relationship between intrinsic viscosity and molecular 
weight for all gelatins in a given solvent, with 
different methods of manufacture producing differing 
values for the Mark-Houwink parameters K and a (see 
Section 3.2.2. ). Light scattering measurements give 
information about the shape of molecules, providing 
the wavelength of the light is sufficiently small 
compared to the particle size, but Such studi. es on 
gelatin have often been inconclusive due to 
complications from impurities (Stainsby, 1956; Tabor, 
1962) and aggregation. Results from the work of 
Boedtker and Doty (1954) indicated that gelatin 
molecules were present in solution as straight-chain 
molecules in a typically 
"random-coil" type 
conformation. (A larger 
degree of branching would 
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cause the molecules to appear more compact ). It has 
also been suggested that disordered gelatin molecules 
exist, in an extended coil conformation as a result of 
the large number of rigid imino acid residues in the 
primary sequence (Silver and Trelstad, 1981). 
2.5.3. Solution-Properties of Gelatins 
Addition of cold water to a gelatin sample causes the 
sample to gradually swell, taking up the water. Except 
in the case of certain higlily degraded samples, 
however, gelatin does not dissolve in cold water. 
Subsequent heating of the swollen gelatin to 
temperatures above 40'C causes solubilisation, 
producing a solution of conf ormat ional ly-di-sorde red 
gelatin chains. (40'C is therefore generally regarded 
as the minimum temperature for molecular 
characterisation) . Certain denaturing solutes such as 
urea, guanidinium ion, LiBr, KSCN, etc., at 
sufficiently high concentrations, promote solubility, 
and under such conditions gelatin will dissolve at 
low temperatures without any swelling. occurring 
(Stainsby, 1977a). 
Gelatins are rich in both acidic and basic functional 
groups, imparting considerable polyampholyte character 
to gelatin solutions. Thus, depending on pH, 
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gel, itiris can display Donnan membrane effects with 
simple ions of eitber positive or negative charge and 
behave as both cation and anion exchangers (Rose, 
1986). 
Veis ( 1964 ) has reviewed the titration behaviour of 
gelatins, and some of the effects of pH/ionic 
environment on the properties of gelatin solutions 
will now be further considered. 
Glelatins, except in the case of certain chemically 
modif ied gelatins, are soluble over the whole pH range, 
producing clear solutions which are usually LinLed 
slightly yellow. AL pli values close to their isoionic 
point the solutions can become slightly hazy as a 
. result of aggregates caused 
by electrostatic forces, 
although in most commercial preparations the salLs 
present cause a high enough ionic strength to preveyit 
this. Buffers and neutral salts do riot generally 
decrease the solubiliLý, of gelatin with polyhydric 
compounds similarly riot causing gelatin to precipitate 
ouL of SOILItiOll. Alcohols and ketonic compounds, on 
the other hand, cause precipitaLion wheri 
they are 
present in excess, as can other charged polymers 
if 
the sign of the charge is o posite 
to the overall in p 
charge on Lhe gelaLiri; 
in Lhis way muLual 
precipiLaLion by 
dif feir, eriL -, elaLiris cami occtir. The use 173 
of alcohols in molecular weight 
fractionaLiorl of' 
gelaLing via the 
forniaLion of coacervaLes, has been 
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widely used ( Stainsby , 197 7a) , while the f or-mat ion of 
gelatin coacervates also has important industrial uses 
in microencapsulation, photographic emulsions and 
coatings applications. 
The viscosity of gelatin solutions, particularly at 
low concentration, can show an appreciable dependence 
on the pH and nature of other solutes in the system. 
As in all polyelectrolytes, the coil dimensions of the 
gelatin chains and hence solution viscosities, are 
dependent on two main factors. Firstly, there is the 
effect of the net charge on the polymer, be it 
positive or negative, causing coil expansion via 
intramolecular electrostatic repulsion and secondly, 
the effect of simple electroly-te concentration 
screening the repulsions and consequently allowing the 
coils to contract. Addition of acid or alkali to 
gelatin solutions can result in complicated interplay 
between these two effects as illustrated in Figs. 
2.15a and 2.15b which show the variation in reduced 
viscosity with pH for an al kal i -pre treated gelatin and 
an acid-processed gelatin respectively. 
For both gelatins the reduced viscosity is minimum at 
the isoelectric point and rises to maximum values at 
approximately pH3 and pH10.5. 
At the isoelectric 
point the net charge on the gelatin molecules 
is zero 
and so intramoleclular electrostatic repulsion 
is 
minimiged, resulting 
in the smallest coil dimensions. 
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An increase or decrease in pH causes an increase in 
charge density on the gelatin molecules which 
consequently expand producing an increase in 
viscosity. However, an increase or decrease in pH 
also causes an increase in ionic strength of the 
solution, with subsequent shielding of the expansion 
effects. Under very strong acidic or basic 
conditions, where ionisation of the gelatin is 
virtually complete, the shielding effects become 
dominant causing the gelatin coils to contract and the 
observed decrease in reduced viscosity. 
The addition of neutral salts (see Fig. 2.15a) also 
increases the ionic strength of the solution reducing 
the dependence of reduced viscosity on pH. For these 
reasons intrinsic viscosity measurements on gelatins 
should be carried out at constant pH in the presence 
of sufficient electrolyte to produce a higher, 
constant, ionic strength. 
The choice of pH when working with gelatin solutions 
is also important from the point of view of 
degradation reactions. All gelatins will degrade due 
to hydrolysis of covalent crosslinks and peptide 
bonds, the rate at which this occurs increasing 
substantially with increasing 
temperature and 
deviation from neutrality. Furthermore, 
bacterial 
contaminants in gelatin can produce 
enzymes which 
also cause 
degradation; these processes are again 
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highly dependent on temperature and pH. For the above 
reasons all the solutions of gelatin used throughout 
the work reported in this thesis were prepared in O. IM 
sodium chloride at pH7 with sodium azide present as a 
bacteriocide. 
In common with all proteins, gelatins exhibit optical 
rotation due to the chirality of their amino acids. 
Howe,,,,, er, the specific rotation of a warm gelatin solutiori 
is more laevorotatory than would be expected if the 
rotation was simply a result of the amino acids linked 
in an entirely random configuration (Harrington, 1958). 
It was suggested that the higher value of the optical 
rotation was a consequence of certain regions of the 
polypeptide chain being locked in a polyproline II-like 
conf ormat ion ( i. e. even at high temperature some part s 
of the chains were existing in a conformation similar 
to that of native collagen). Such behaviour is not at 
all improbable as the Gly-X-Y triplets, in which X and 
Y are proline or hydroxyproline, are further restricted 
in terms of free rotation compared to triplets containing 
non-l. mino acids, due to the rigid nature of the imino 
group. LlBr and KSCN, at high enough concentrations, 
can collapse the regions of polyproline II-like structure, and when 
such salts are present in gelatin solutions 
the excess 
optical rotation disappears. 
The explanation is not as 
simple as this, however, as 
it has been shown that the 
loss of laevorotation under such conditions 
is greater 
than expected (Harrington, 
1958). 
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In contrast to the situation at higher temperatures, 
where the optical rotation of a gelatin solution is 
independent of time, at lower temperatures (below the 
gel melting temperature), there are marked changes in 
optical rotation with time. On cooling a gelatin 
solution to a specific temperature, there is first a 
rapid increase in laevorotation, the rate of increase 
gradually decreasing with time; the actual value of 
the rotation, however, never reaches a plateau and 
seems to continue increasing indefinitely. The large 
increase in the magnitude of the optical rotation is 
attributed to some partial regeneration of a 
collagen-like structure, with the value of optical 
rotation at any time providing a measure of the extent 
of conformational ordering. Consequently, the 
technique of optical rotation has frequently been 
utilised in studies of gelatin renaturation; this 
will be discussed further in Chapter 6. 
2.5.4. Properties of Gelatin Gels 
Providing the gelatin concentration is high enough 
(usually greater than 0.5% for most commercial 
gelatins), adoption of the triple-helix structure 
is 
accompanied by formation of a clear 
gel, the 
rheological properties of which are 
dependent on a 
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number of factors (e. g. temperature, time, geiatin 
concentration, added solutes ). The properties of 
m gelatin gels have been the subject of numerous 
investi-rat ions throughout the years, as a resuit of 13 In I 
their wide application within the food and 
n photographic industries, and there are many 
reviews which deal with the subject (Saunders and ýN'ard, 
19158; Ward, 1959; Idson and Brasweil, 19,57,1960; 
1964: Stainsby, 1977b; Ledward, 1986). One property ot 
paramount importance when considering gelatin gels is 
their thermoreversibility and, more specif ically, the 
temperature range over which they melt. The fact that 15 
gelatin gels melt just below body temperature gives 
unique organoleptic properties and "melt in the moutli" 25 
characteristics compared to other geiling hydrocolloids 
such as pol ysacchar ides, which generally have much 
higher melting temperatures (usually greater than Mn 
40: C). Af Urther Aý-dvantage of gelatin geis over nianý 
polysaccharide gels (carrageenan, alginate, geiian) is 
that they are not dependent on the presence of saits t-, ) 
cause gelation. They are also stable over a wide pH 
range at the usual concentrationS Used. Figs. 2.16b ýind 
2.16a illustrate the effect of pH on the melting 
temperature of an acid pretreated and alkali preLreatect 
gelatin respectively. Only at gelatin concentrations 
close to the threshold of gelation 
does pH have any 
significant effect on the melting point of 
the gel. 
Furthermore, even these pH effects at 
low 
concentrations can be eliminated 
by the addition of 
S 
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sufficient. salt, and this is another reason for using 
0-1M NaCl as solvent, wherever possible throughout this 
work. 
At a macromolecular level, gelatin gels can be viewed 
as an intermolecular, three-dimensional network) 
formed by partial regeneration of the gelatin 
molecules into ordered junction zones linked by 
residual disordered chain regions. Naturally, the 
concentration of the gelatin solution plays an 
important role in determing the properties of the gel, 
in particular the gel strength. The rigidity, G, has 
frequently been used as a measure of the elastic 
properties of gels, but great care must be taken when 
comparing rigidity values of gels of different 
concentrations to ensure that they have been subjected 
to exactly the same time and temperature regime, as 
these factors too can influence the rigidity values 
obtained (see Chapters 5 and 6). Early studies 
suggested that rigidity was proportional to the square 
of concentration (Leich, 1904; Poole, 1925; Sheppard 
and Sweet, 1921; Kinkel and Sauer, 1925), but 
later 
work by Ferry and Eldridge (1949) indicated a 
deviation from the square-law at lower concentrations. 
Saunders and Ward (1954) found no linear relationship 
between rigidity and the square of concentration, and 
they concluded that there was probably no 
general 
relationship between concentration 
and rigidity that, 
could be applied 
to ail gelatins (Ward and Saunders, 
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1958). More recently, however, a general relationship 
between gel modulus and concentration has been 
developed from cascade theory (Clark and Ross-Murphyg 
1987) and verified experimentally for several 
biopolymer systems including gelatin (Clark and Ross- 
Murphy, 1985; Clark et al., 1983). 
Industrially, measurements of gel strength are made 
using a gelometer, which determines the force in grams 
(called grams Bloom) required for a standard diameter 
plunger to deform the surface of the gel by 4mm (Rose, 
1986). The Bloom values quoted are obtained using a 
6.67% w/v solution (uncorrected for moisture and ash) 
chilled in a standard container at IO'C for 16-18 hours. 
As in all gel systems, gelation will not occur at all below 
a certain critical concentration. At these low 
concentrations, cooling a gelatin solution still causes 
the characteristic changes in physical properties 
associated with conformation change (e. g. large 
increases 
in laevorotation, increases in viscosity), even though 
the solution does not set to gel. Consequently, studies 
of the dilute solution behaviour of gelatin 
have frequently 
been used to investigate the molecular processes 
involved in gelation without the added complications 
that network formation can cause. 
The different 
approaches and mechanisms proposed 
for gel formation 
will be discussed more 
fully in Chapters 6 and 7, in 
the light of experimental work 
presented in this thesis. 
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TECHNIQUES 
qE ERtk iL--IN I R(QDUCT L- 
_ __I. QN 
Current fundamental understanding of the structure and 
mechanical properties of solutions and gels formed by 
biopolymers has been largely obtained through the 
application, to these systems, of various phý, sical 
techniques. 1'he aim of this chapter is to illustrate 
the principles of the techniques utilised in this 
thesis, and more specificallý-, to illuminate tfie manner 
in which they have been emploý'ed f-or the stud. v of 
gelatin 4elation. 
As outlined in Chapters 1 and 2, the physical 
properties of a gelatin solution can be substantiallý, 
altered by the random coil triple helix conformation 
change. Such conformation chaný, 5es are often obserx, ed in 
biopolymers and their stud-, - is thus of primary 
importance in the determination of physical and gellitig" 
properties. Thermal I ý, - induced order-disorder 
transitions, of which gelatin is a notable example, 
provide direct evidence of conformational- order and may 
be monitored by discontinuities in the temperature 
course of physical properties such as rheologý,, opt-ic, -Il 
activity and heat capacity. 
The principles behind these 
three techniques will now 
be discussed in more (-Ietail 
i vith j)articular emphasis on 
their application to 
I)iol-)olyjners - 
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3-2.1. R. heology of Gels and- Solutions 
The application of rheological techniques to gelling 
systems can provide valuable information about the 
macromolecular and macroscopic properties (e. g. overall 
molecular shape, aggregation arid intermolecular network t-ý 
formation) of the system Linder study. Rheolo,, ýical 
studies of solutions or gels fall into one of two broad 
categories: 
I) Small-deformation measurements, in which the 
structure is retained. 
2) Larese-deformation StUdies, in which breakdown of 
structure is measured. 
While both techniques are extremely useful, the former 
has the advantage of being non-destructive, arid is 
therefore ideal for monitoring systems under 
circumstances where numerous measurements must 
be 
carried ollt on one sample under 
different conditions 
(e. gl- at different temperatures when melting 
a gel). 
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The fundamental operation in all rheological testing is 
to apply a force to the sample under investigation and 
measure its deformation, or alternatively to appl-,, a 
deformation and measure the resistance. Application of 
such a realime -vields two idealized extremes: perfect 
(elastic) solids and perfect (Newtonian) liquids. The 
former obey Hooke's law, where stress ( force per unit 
area) is directly proportional to strain (fractional 
deformation) the ratio of stress strain giving a 
measure of the elasticity of the material. In the 
latter case the resistance of a Newtonian liquid to 
imposed mov-ement is directly proportional to the rate 
of strain, but independent of the strain itself; the 
ratio of stress : rate of strain is the viscosity of 
the liquid ( TI) . The fundamental rheological parameters 
and their standard symbols for longitudinal and laterai 
deformation are summarised in Table 3.1. 
Biopolymers possess properties intermediate between the 
two extremes of idealized behaviour (Gibbs et al. , 
1968; Morris and Ross-Murphy, 1981 ), that is, theý- 
display both liquid-like and solid-like character and 
are thus referred to as being viscoelastic. 
The two 
modes of response to an applied 
deformation can be 
Quantitatively resolved 
by the powerful technique of 
mechanical spectroscopy 
( Ferry, 1980 ). The sample ttrider 
test is subjected to a sinusoidal 
deformation of low 
amplitude (maximum strain 
typically <10%) and 
frequency, w; the resistance 
to distortion is then 
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measured. For a perfectly elastic solid the stress 
generated in resisting the applied deformation is 
exactly in-phase with t. he imposed strain, wherea! zý for 
Newtonian liquids the resistance to flow (stress) is 
maximum at the midpoint of the oscillatory cý-cle, 
corresponding to zero strain but maximum rate of 
strain; in this case, stress and strain are e:,, actly 
out-of-pliase. (See Fig. 3.1 ). For a viscoelastic 
material such as a biopot-viner solution under 
oscillatorý, shear, resolution of the resultant str-e,, s 
into its in-phase and out-of-phase componetits is 
possible, providing a measure of the solid-like and 
liquid-like character of the material. This is 
naturally of great interest when monitoring a change 
from solution to gel or vice %-ersa. 
The ratio of in-phase stress: applied strain is the 
elastic modulus, G' (also known as the storage modulus) 
while the corresponding ratio of out-of-phase stress 
strain is the viscous modulus, 
G" (also known as the 
loss modulus). The overall response of 
the sample to 
the applied deformation may 
be characterised by the 
complex modulus, G 
G* = (GI 2+ G112 )i 
(Equation 
z 
108 
X 
E 
.9 -%/ 
/. 
// 
ol 
de 
lw \\ -6 -ý, * 
N011331: 00 
0) 
0 
4 Z: (4-4 
4-s mý 
Z -0 --, 
rn H 
0 -0 
0Z -4 
E Z: 0 
Q) - M. 4 0 
1L4 cn 
Zu 
m oj ---4 
cd 4.1 . 
(V 0 U) Iv 
>» (V 0) Cm 
4 --f ' M-1 
0 
1) 0 
U4 Co 
0 (0-4 C) MA 
C0Z> 
-I 
C) 
IT4 
109 
Frequency of oscillation (w) can be considered as the 
oscillatory analogue of shear-rate and hence accordin-, In - 
to table 3.1 it is possible to define a dynamic 
viscosity (TI* ). 
TI +G (Equation 3.2. ) 
ww 
In the technique of Mechanical Spectroscopy, these 
parameters are measured as a function of frequency of 
oscillation. For permanent networks (e. g. true polvmer 
. ý4els) samples show properties similar to those of 
elastic solids: G' predominates over G" at all 
frequencies with neither showing any appreciable 
frequenc-y-dependence. TI* decreases steeply with 
increasing frequency, with the slope of a plot of log n* 
versus lo,.:, r w approaching the theoretical maximum value 
''a) of -1, as expected from Equation 3.2. (See Fig. 3. ý- 
C- 
Dilute hydrocolloid solutions, in which polymer chains 
are free to move individually, are characterised bý- a 
mechanical spectrum such as shown in Fi-I. 3.2b. There 
is little variation of dynamic viscosity with 
frequency, particulariý- at the low frequencý- end of the 
, Yher than (Lý' spectrum, whilst G" is substantiallv 
hil., 
(i. e. essentiallý- Newtonian 
behaviour). At very high 
frequencies, however, G' approaches G" 
due to storage 
of energ, v by contortion of 
the chains into strained 
conformations (GraessleN-, 
1974; Ross-,, Iurph,, -, 1984). 
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The physical size and extended nature of polymer coils 
in solution means that, even at relatively low 
concentrations, the chains can become entangled with 
one another. Indeed, in large deformation measurements 
in which the viscosity can be measured as a function of 
polymer concentration (c), a sudden change in the slope 
of a plot of log Tj against log c is indicative of the 
onset of coil overlap (Fig. 3-3) (Morris, 1983); 
the concentration at which this occurs is known as the 
critical concentration (c*). 
Mechanical spectroscopy on polymer solutions with 
polymer concentrations greater than c* yield a third 
general type of spectrum (Fig. 3.2c) for so-called 
tconcentrated solutions'. Here there is a transition 
from typical liquid-like behaviour (G" > G' ) at low 
frequency, where chains can become untangled in the 
period of one oscillation, to a more solid-like 
response (G" < G' ) at higher frequencies as a result of 
insufficient time within the period of -. one oscillation 
for disentanglement, the solution thus effectively 
behaving as a gel. In particular, the mechanical 
spectra of 'concentrated solutions' have an Tj* which 
is indePendent of frequency at low frequencies but 
decreases steeply on reaching higher values of 
ill 
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Figure 3.2. Typical mechanical spectra of biopolymer Solutions 
and gels. Solid-like and liquid-like behaviour 
are characterised by the storage (---) and loss 
(-. -) moduli G' and G" respectively, and the 
overall response to applied deformatiori can be 
represented by the dynamic viscosity TI* (-); 
a) typical of a strong gel; b) typical of a dilute 
solution and c) typical of a concentrated solution. 
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Large deformation measurements on stich concentrated 
solutions' show a shear rate (i ) dependence ot 
ViscosiO'- At low shear rates the viscosity is constant 
but. it begins to decrease as the shear rate increases. 
For this reason, zero shear viscosity (flo) is often 
quoted. This shear rate dependence of viscosity is 
again a result of polymer entanglement. At low shear 
rates the polymer chains have etiough time to 
re-ent ýingle Wi th flew partners , leading to an 
equi Iib riu in sit 1-1 at ion -a nd a constant va I tie of Ti I.; i t- 11 
respect to shear rat. e. At higher shear rates, however, 
there is insuf f ic ýerit time for full re-enLanglement- , 
and conseqUently the viscosiLy drops; this is known as 
shear thinning. For many polymer solutions. it has been 
noted that t. he frequency dependence of Tj* anci the shear 
r, ate dependence of Tj are clos(-IN- superimposable when 
equivalent values of fr-equency arid sheai- r-cate are 
comp, ared ( Cox arid Merz , 19,58 ; Morris and 
1981 ). This relationship was originally empirical but 
is now explained by modern tietwork theor-v. 
3.2 .2. Hydrodý nainic 
Measurements- in Solution 
The crit, ical concent rat iori at which coil ov-erlap 
f oi- a 
pol-yfner occurs ( c* 
1s, of' course , also dependent oil 
the size and shalie of t, 
he polymer molecules under 
invest i9a L iol, (i. e the %, olume occupied 
by each 
molectile ir, 
iso 1, ""Oil )- F_xpev imental I. y , viscos jt 
measurements at concentrations 
helow c* cart he us-d to 
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LOG i. 
Figure 3.3. The concentration dependence of 'zero shear' 
viscosity for a typical random coil polymer. 
is the concentration at which coil overlap is 
presumed to begin. 
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characterise the 'hydrodynamic volume' of a polymer 
coil in terms of' its intrinsic %-iscositý-. This is 
performed by measuring the viscosity of I. he r)olymer 
solution relative to that of the solvent ( Tir eI)- 
TI re TI ,- oltAt ion (Equation 3.3) 
TI solvent 
The specific viscosity ( Tl,..; p ) w1ii-ch is a measure of 
the relative increase in viscosity due to the dissolved 
solute is then given by 
rl .p. 
Jlsol. ItLioll - 
TI 
-olvent 'n reI-I 
TI solvent 
(E'quation 3.4) 
Dividing Tlsp by the p0lý-Mer concentration gives the 
reduced viscosit-ý, - (TIred ) 
TI red TIS p 
/C (E (4 uation 
Finall-. v, in the limiting case where 
the reduced 
viscosity is extrapolated 
to infinite dilution the 
intrinsic viscositY 
Ifl] is obtained 
I in ( rl sp /C ) 
( 1ý' IIati0 11 3-6) 
C +0 
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E,,, -en in (iiltlte solUtions, before the onset of entangle- 
ment, polymer chains can interact indirectly due to 
their effect on solvent flow. Quantitativelý, 
TI 
sp/C : -- 
I TI I+ k' I Tj j2C (Equation 3.7) 
Thus, an extrapolation of Tlsp/c against c to zero 
concentration (HLIggins plot ) gives [q I. 
An al ternat ive ext rapo Iati on (hraemer plot )ýst hat of 
(In Tlrel )/C against c as 
I rl Tr eI /C :ý[ TI I+k"[ Tj 12 C( Equat ion 3 .8) 
The Huggins and Kraemer constants W and k" ) are 
related by the simple expression 
k" + 0.5 ( hquat ion 3.9) 
and thus a third extrapolation may also be utilised 
in 
determination of intrinsic viscosity (See Fig. 3.4) 
J- Tj I=t2( TI sp-In 
TI reI)Iý/C( Equat ion . 3.10 ) 
'Fhe intrinsic viscosity of a polyiner 
is related its 
inolecular weiOlt 
by the ýjarqý-Houwink equation ( Hark, 
1938; Hottwink, 1941 ) 
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[ T, I= 1ý, m" 
( E(-i 1 ta tion .3. Ii) 
where K and a are constants whose values depend upon 
the 'shape' of the polymer, the solvent used and the 
temperature of measurement. Onee K and a for a 
specific Polymer/solvent system have been obtained by 
calibration a--, ýainst a primary techniqtie such as light 
scattering, intrinsic viscositNr measurements 
pro%, ide a simple method for subsequent, determinations 
of molecular weiýýIit. 
3.3. CHIROPTICAL TECHNI 
-UES 
The rheological techniques discussed in the 1-: )revious 
sect. ion of this chapter emphasized their role in 
describing a biopolymer system in terms of its 
tmacroscopic9 properties. However, rheology iý4ives 
little inforwation on the 'microscopic' properties of 
biopolyiners, such as molecular structure and 
corif ormat ion -I ll order to obtain such 
inf orinat lon, the 
closely related c1iii-optical techniques of optical 
rotatory dispersion (ORD) land circular 
dichroisin ((-'D) 
have been frecluently utilised due to their critical 
sensitivity to 
the three-dimensional c-,; eometry of mo., -, t 
biological materials. Both chiroptical 
techniques 
provide essenti. allý- 
the ý,,, ime itiformation atid e--, amirif- 
, 
fit 
the clif f erences in Lhe 
interac L ior, of lef t ýjn(j rj, ý, 
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handed circularly polarized light with the electrons 
of dissymetric molecules (Velluz et al. , 1965; 
Dierassi, 1960). Optical rotation arises from the 
differences in their rates of propagation through the 
sample, whereas circular dichroism measures the 
differential absorption. CD thus has the additional 
requirement of a chromophore that absorbs light in an 
accessible spectral region. 
Experimentally, optical rotation studies measure the 
angle through which the sample rotates incident 
plane-polarised light. In plane-polarised light the 
electric vector is restricted to one plane and its 
magnitude varies sinusoidally with time. As is shown in 
Fig. 3.5, plane polarised light is equivalent to the 
sum of right and left circularly polarised components m 
of equal amplitude (E r and EL ). When this light 
passes through an optically active sample, the rate of 
propagation of the circular components is altered 
relative to one another and hence the plane of 
polarisation of the light emerging from the sample is 
displaced through an angle (a) from that entering the 
sample (Fig. 3.6), i. e. optical rotation 
has occurred. 
similarly, a chromophore in a 
dissymetric molecule 
absorbs left and right circularly 
polarised light of 
the correct wavelength 
to different extents; the 
resultant vector 
is then no longer truly plane 
polarised but 
describes an ellipse (see Fig.. 3.7). The 
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Figure 3.5. Left and right circularly polarized c. omponents of 
plane-polarized light. 
Figure 3.6. Rotation of plane-polarized light resulting from 
the decrease in propagation rate of one of the 
circularly polarised components relative to the 
other when the light passes through an optically 
active sample. 
a cx 
Figure 3.7 Effect of an optically active absorbing sample on 
plane-polarized light. 
The effect is not only to 
rotate the plane of polarization 
through the 
angle, a, but also to cause 
the light to propagate 
elliptically. 0 is 
the ellipticity. 
/I I 
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circular dichroism of a sample is the ratio of the 
difference in absorption to total absorption. 
-Alternatively, the an-I'le H- known as the eiliTDticit v and 
def ined b-, - the relationship tan ýj = minor -axis/major 
axis is often quoted. 
Fo remove the ef fects of concentration and pithiensý,, th 
results can be expressed in moiar quantit -ies, i. e. 
molar ellipticity , 10 1 and molar rotation, (oI 
E)M/lc deg cm, ý- cimol- 
aM/Ic deg, cm2 dmol-I 
(Equation 3.12) 
(Equation 3.1'-<) 
where ý1 is the molecular weight of the sample ( or 
mean residue weight for polymers I is the pathlength 
in mm, c is the concentration in g ml- i, and 0 and a 
are the observed ellipticity and optical rotation in degrees, 
respecti-,. -ely. An alternative convention still widei. y 
ý-ised to characterise biopolymer optical rotation, is 
that of specific rotation, [a], defined as 
I- CL j= 100a/ Ic mdeg. g-1 dm2 ( Equation 3.1-4 ) 
where concentration is in g/iOO ml and pathlensý, 
th is in 
dm. The two conventions are related 
b-, -: 
fol [a] m/ioo Eauat lon 
1-10 
-I 
'The actual magnitude of optical rotation varies with 
the wavelen, -Tth of li--, -ht used ( this variation is known 
ýý-ts optical rotatory dispersion) rhe fundamenta-L I band 
torms for the two chiroptical techniques WRL) ý: ind (-'D) 
are i liust rated in Fig. 3 .8 for as ingrie opt icaliv 
active transition. If the three parameters, position, 
X0- maximum intensit-v, 1.13 lo , and width, w of ttie (-, j 
bca-nd are known. then, using the Gaussian and 
K. ronig-Kramers transform equations (Equations 3.16 and "n 
17 respectiveiv; Djerassi 1960 ), it is possible to 
caiculate the contribution of that transition to the 
ORD and CD spectra at any wavelen--, ýth (X). 
[eIX=[ io e_(XX0) 
/W 
(Equation 3.16) 
-, k(»21W2 
(A - AO)lw 
iv 
ex' dx - ý(A -+A ) (Equation 
(e 
2(A + Aoi) 
fo 
0 
The fundamental band form for ORD (Fi2ý. 3-8) is 
complex, with two equal and opposite 
lobes on eLILhe,, - 
side of the band centre (where CD attains iLs maý,. imum 
values but optical rotation passes throuiý4h --ero). 
Th e 
sizn of the higher-wavelength 
lobe ( and therefore at 
its contribution to optical rotation at 
long w; -. -ive- 
lengths ) is the same as that of the correpondiri--, 
- i-D 
*he ORD ver the wavelenizth rande o, ý in band -I 
spectrum o, 
electronic transition, 
with its characteristic mii-, imum 
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CD 
I. \ (010 1. \ 
AD, 
(nm 
ORO OmOilude 
.\, i 
ORD\%J 
I 
Figure 3.8. Fundamental spectral band form of CD and ORD for a 
single optically active transition. Both CD molar 
ellipticity [0) and ORD molar rotation [01 at any 
wavelength can be determined completely (Equations 
3.16 and 3.17, respectively) by the three 
parameters: position Xo, intensity [010 and width w 
(= half-width at 1/e of maximum intensity). 
6---- --T-- + OR6 -- EYJ) 
Ono 
omoiwe 01 
-J- --V 
-6 
[j) ORD 1 
to) CD 
I 
uv 
Figure 3 . 9. Idealized 
U. V. CD and ORD spectra for an isolated 
chromophore: a) - laevorotatory molecule (negative 
Cotton effect); b) dextrorotatory molecule 
(positive Cotton effect), 
A 
-x a- 
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and maximum values, was known historically as a 'Cotton 
clurvel (either positive or negative depending on the sign 
( see Fig. 3.9) ) and the higher-wavelength portion, where 
the absolute value of optical rotation decreases 
monotonically, was described as a 'plain curvet . In 
contrast to CD, which drops of f rapidly to zero on either 
side of the band centreq optical rotation values remain 
within an order of magnitude of the maximum ORD to long 
wavelengths, and can therefore be used to monitor changes 
in the optical activity of transitions inaccessible by 
CD. The wavelength dependence of optical rotation in the 
'plain curve' region can be described, with reasonable 
precision, by the Drude equation (Equation 3.18), a 
limiting form of the Kronig-Kramers relationship 
(Equation 3.17) for X-X0 
C/[Ctj = X2 -X02 
where c is a constant. 
(Equation 3.18) 
plots of 1/[cL] against ;k2 (Drude plots) are. 
therefore 
approximately linear, and can 
be used for calculation of 
optical rotation at wavelengths other 
than those accessed 
experimentally (See 
Chapter 6). 
For polysaccharides, 
the conformation-sensitive 
backbone transitions 're centred 
in the vacuum 
ultra-violet, 
below the lower wavelength I. imit of 
current commercial 
CD equipment nm) , and are 
therefore usually monitored 
indirectly by optical 
123 
v ot, It ion III eas, III, e III eI It -9 'at Ic, rv 'a ve IeII Is. oII 
polysaccharicles have accessil-Ae 11-v. chromcphores --, uch 
as carboxyl groups can the CD behaviour be obser-,: ed 
i rec tIy. 
For proteins, however. the transitions of' the I. -)olymer 
backbone are in a read i IN-access i ble spectral region 
( '2150 nin and below ) and CID studies are nov, wideLv 
acknowledged as the most informative spectroscopic 
probe of protein seconclarv !:, t micture in --ohii ium. The 
('D spectra obtained arise from the n-TT* and TT-u* 
electronic transitions of' the r, eptide fýroup, i heir 
precise sfiape and po! --ý it ion on the mol ocular 
environment of the chromophores ( i. e. conformat ion of 
the protein backbone) . The well-known conforimition 
states of proteins, that is, a helix, B sheet. -nnd 
random coil give rise to characteristic band shapes 
( Fig. 3.10 ) and it is possible, bv linear combinrition 
of reference spectra, usino an iterative computer 
method, to match observed pt, otein sv, ectva, 
thlt, ý 
givinV, -' reý-Isorlable e-Jimate of* the nJ' a 
heLi. x, 13 sheet and disc. ýrdcred ýýejuenres 
he case Of' c! el , Atiri , tile , I) at)ovo 
the 
meltl_n-_:, F temperature 
i! L-, tvOcally randolli CC)i 
I "a 
ak helow 200 11M. 'File tr-il)l,, 
helical 
Irae ne9c"tive pe, 
te. of gelatin, hov: ever, shows 
itS' 
ordered sta 
c. jjar.,, -jcteri_qtAC 
CP spectrum, an(l ý, el formatjý)jj 
i. s 
i nc- r eri -:; e in the 
the 
-1ccoinpanied 
bY 
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10 
r14 
10 
-2o 
Figure 3.10. CD behaviour of peptide residues in different 
conformational sequences within globular proteins 
of known secondary structure, a-belix (-), 
P-sheet ( ---- ) and disordered sequences 
(Chen et al., 1972). 
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optical rotation signal at higher wavelengths. This 
increase in optical rotation has often been used in 
calculating the helix-fractions existing in gelatin 
gels (See Chapter 6.3). 
3.4. DIFFERENTIAL SCANNING CALORIMETRY 
Differential scanning calorimetry (DSC) has 
frequently been used as a method for obtaining 
thermodynamic inforination on biopolynier conformation 
changes. For polysaccharides, it has been one of the 
major physical techniques utilised in studies on the 
gelatinization of starch, and in protein denaturation 
studies many of the conformational changes have been 
characterised in terms of their melting profiles. 
Essentially, the technique of DSC measures the 
absorption or release of heat as the sample under 
test 
is either heated or cooled at a constant rate. 
In the 
absence of any phase transition a monotonic 
line is 
obtained, the slope of which 
is a measure of the heat 
capacity of the sample. 
In most DSC apparatus, however, 
it is not the actual amount of 
heat absorbed that is 
measured, but the excess power 
input ( i. e. the amount 
of excess heat per second) required 
to heat or cool the 
sample relative 
to a reference of approximately the 
same heat capacity. 
Under these circumstances, a flat 
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baseline ýýhould be obtaitirld, the value of' the ý)rdillrlte 
lllc'-'l'Sllre Ot tlic 11", it- c, "I,, 'Ici-t, y ot' the sample 
relative to that of' the rel'erence. 
If, however, the sample underlsoes a phase trati! zAtion, 
additional heat absorption or release occurs due to the 
latent. heat of the transition, which shows up as a peak 
in the DSC profi. le; the position of' the peak gives, the 
temperature of the transition directlý,. Fi.. 3.11 g 
illustrates a tNpic, --i1 DSC profile for a substance which 
takes in ener,. sy on changincv Quat)titativelv, it 
is not on 1 ý- poss i ble to obt ri in af, ac-cilra te mP. "S"re Of 
the t ransi tion teni I-) erature , but i I-so to det --rm 
i no ii It 
Ili sýh Prec-isi en , t, lie ent It, i I. j, -v () 
f t, I ie- t r-,, i ri F- i t, i0 11 ,AH. 
on si d er the transi Lion occurri ntý in Fi iLý 311, in 
which a substance chans-se!:: ý from -, ome low temperature 
state L to some hi--fti-r temperature state H. The heat. 
C,,, pl CL) 
C) 
f 
the lov; er- t emy)-rat tire ý, tate cart be 
p 
Obtailled h-v extral-mLatirW the tille \B t', ) the 
heat 
flow aý-: is, and similarly t. hc, heat 
(("H ) of' p 
the hj., -sAier 
temperature state c. -iti be obtained hv 
e. -Arapolatiric. 1 the 
line CD. The enthalpy (AH) of' the 
transition on chancgin, ý From L to 
H ip, equivalent to tho 
area of the peall, 
MCPS, multiplied by the time 
f I- E, T. e 11C e be 
ained frrm the 
,t ýqe(ý n po 
iIBn nd obt, ( 
s, crt iinnheat 
c- niI 
[)c t Ile t,, -l t Af, 
1) c, hi , -I itIdVI III tIIe 
,,,, gnjtude of' 
PS- 
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the e-, Obv io it sIy, --trar)o. latiolls ot- the baseline, bs 
are necessar, ý , N, 
to obtain an estim, -ite of both AH auid 
4Cp. When the trrinsition is sharp or the heat 
capacities of the higher -, ind lower temperature states 
are much the saine, there is little problem in 
extrapolatina the baseline, provided calorimetric data 
above and below the transition region has been 
obtained . It', however, the t ransi t ion is broad , with i 
Earge diff(, l, ence in heat capacitv b(-tween the two 
sta t. es , then eý, trapo fat, I on becomes increasi nol v 
d if t'i cit -It, rind can be thc, major sc) II ree of (- rror it) tI v-, 
results obtained from DSC. 
The earl i. er generations oVdiff(, rent ial -, cann ing 
calorimeters were desigrned primarily for studying phase 
changes wi th large issoc i. ated changes in eiitlm I py 
(e. g. melting of solids) and as s-uch were not recinired 
to have hi --, Ii sensitivi ty; th is type of ca wef. er 
utilised small , -, aml, ]-e volmne! a: and fast s(aririiwý ratý-s. 
The al-)Plicý-'Liotl Of dit f0 t'ý' II '1 -1 11 "4 
1vi Inc I 
measurement of therinal proporties of bi-opo. 
Jymers, where 
th I-s, ,e enthal-pies 
as-sociated il, -itlh conformational chnn, - 
-, ra ri -ia, - (, Inlich sinaller th, t fi c) s 
involved in pl c 
transitiOns, recluired the de-e-I-ol--)inetit of much mor- 
sensitive c., alorimeters. 
The 1-ateý, -t 
their increasecl sensitiývitý, throtigh 
tlie use of- Inr--, er 
and re(Iiii-r-e jer heating rnte-cý t, 'ý --lnlple volt'Mes ý 
s103 - 
ne samp [e t-hrou- hou t 
al low tlierm, -1. equ-i 
I ihri, 
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the temperature scan. Using these high precision 
calorimeters, the thermal denaturation profiles of many 
proteins have been determined, with the shapes of the 
profiles indicating the nature of the multistage 
denaturation processes which proteins may undergo, i. e. 
different DSC peaks corresponding to specific 
conformation changes within the same protein molecule 
(Fig. 3.12). 
The actual shape of a DSC peak can also provide 
information about the transition being monitored. If 
the transition is a two state equilibrium process with 
only insignificant concentrations of intermediate 
states, e. g. 
Lç_H 
then the equilibrium constant for the process may be 
written as: 
K= [HI/ELI (Equation 3.19) 
The temperature-dependence of the equilibrium constant 
for a chemical reaction 
is related to the associated 
enthalpy change 
by the van't Hoff equation (Equation 
3.20). Thus the apparent van't 
Hoff enthalpy change, 
AHVH can be determined 
by plotting the logarithm of 
K against the reciprocal 
of temperature. 
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flo, 
70( 
30C 
7CK 
CL 30C 
u 
500 
300 
Temperature 0C) 
Figure 3.12. The heat capacity function of the protein 
paramyosin in 10 inM glycine, buffer at pH 2 (a), 
pH 3 (b) and pH 3.5 (c) showing a multi-stage 
denaturation process. (From Privalov, 1982). 
20 2 40 60 80 100 
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InK = 6ý H %, if / RT +con ID t a, nt( F" (A I la ti (-) n3.20) 
The value of K at tempeiatures throughout the 
transition can be obtained from an inte, -5, rated D'-')(, ' peak. 
For reactions of small molecules, AHVH is the same as 
the calorimetric entliýalpy change, AHr-al . For 
co-operative transitions of' biopolymers, however, AHý ii 
is US I la IIvm It cIi týreate- r than A Hra 1, the r, -i Li (-) of* (me 
- 
the other givin, l 
Lo, ýa measure of the apparent Tiumber of 
residues undergoing conrormational change as a 
concerted jirocess. Accord i-n,, f the co-oper. ativity of 
the process can be es t inin Led frolli the v" ýd Lh 0 t- t ll(- 
peak, iwith narrow peaks indicating a large degree of 
co-operativit-y and broa(l 1--, ealcs reflcýcting 
co-operative transitions. 
Ca L or i ine t rý, i -s there fore a valu abIc, too If or 
de t, r- rin I- ni nl thet 1) (, r-mo d. -,, na mi (- pa rame ter!: ý ofb -i opo1y ine r 
conformation change. Although bN, itse- Lf 
it i 
1--: ) 
inechanistical ly lut-ij riformati ve, in conjunction wi th other 
physical t(-ChfliqU('s It Is 
in many casos, of 
providing fl-Irther evidence cither 
in support of or 
io na I in ec li nis in Cl"-I-L nst, a pos Lu fated con I orniat.. 
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CHAPTER 4-: 
-METHODS 
AND MATERIALS 
4.1. METHO-DS 
4.1.1. Preparation of samples 
Preparation of all the gelatin solutions was achieved 
using the following procedure. The raw gelatin vv, -as 
allovýed to stand in the solvent (usually O. IM sodium 
chloride) for three hours at room temperatLire allowing 
the velatin to swell. The swollen gelatin was then 
heated in a water bath at 50 - C, with occasional 
stirring, for a further thirty minutes to dissolve the 
-velatin and ensure the molecules were in a random 
conformational state. Following this, the pH of the 
solution was adjusted to pH'7 using concentrated sodiLim 
hydroxide solution or concentrated hydrochloric acid. 
All samples had sodium azide (0.02% w/w) present to 
prevent microbial growth. Any dilutions of the solutions 
to lower concentrat ions were made usin-, a stock solution 1-3 
containin,.: r sodium chloride (0.1.4) and sodium azide 
(0.02% w/w) at pH-i- 
4.1.2. Physical Methods 
(1) Rheological and Hydrodynamic Investigations 
Mechanical spectra and rigidity measurements were 
performed on a Sangamo Viscoelastic 
Analý-ser usincffl, a 
cone and plate geometry of cone angle 
2 deg and 
diameter 5 cm. The sample, at -15 
- C, was placed on the 
plate of the 
instrument, the temperature of which was 
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controlleci b,. - a Haal-ýe F4-(-- circulating water ýDath --tn, 
l 
monitored by an attacned thermocouple. ýNhen meltini2ý 
gelatin geis, at ieast twentv , , ninutes was ailowe, -i 
for 
therma-, equi 1 ilbr, ---tt ion of the samp-le E, -fter , inv 
t-imperature cý,, an-le, before readin-, s were taken. n 
intrinsic viscosity measurements on dilute solutions 
-ere carrieu out usinor the ý_bbelohde t-, -,, )e of cai-)i' larv 
viscometer suomerclea in a water bath, the temperaLure n 
be. Lng accuratelý- heid at 45t 0.2 C. Initiail,. -, a 
low-shear concentric cylinder viscometer was used, but 
gave vait-Les the same as those from capiilary viscometry, 
indicatingg tnat, at the gelatin concentrations used, 
shear-t hinnin, -,,,, ef f ects were neglig 
ible, even at the 'ni 4h 
shear rates --,, enerated in the capillary. Since tl-le 
capillarv method is faster and more precise, it 
tneretore acopted for all subsequent measurements. 
C- 
(Ailutions to lower concent rat ions were czarri-eýi out 
inside the viscomet-er. 
(2) Dif f erent ia -I Scanning Caiorimet_r,, - 
A Setaram micro D. -)C "batch and flow" calorimeter 
Al L 
used to obtain the meiting- prof i-les 
of the gelati. ýi 
The sample pan was prepared 
by accuratelv weigning 1e 
-ut Loll pall and lid, 
fiiiing-, the pan with the gelatin -o' 
4- C. seaiing the pan with a small spanner 
-inci then 
n- a t0th1nMthesea1e i)a ne ýs-ei, -, 
hlng 
he rr,,,, a ba 1, -, i nc e c, --i 
ior., - me 1. e r. 1t was nec 
essa ry c 
lDrepare i reterence 
pan ccontaininGý e-, activ the 
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"mount of' solvent as was present in the sample pan. This 
was to ensure minimisation of the differences in heat 
capacity between the sample and reference pans thus 
producing the flattest possible baselines. Plastic 
gloves were worn at all times when handling the pans to 
prevent contamination with grease deposits, which could, 
if present, invalidate the results. The pans were placed 
in the machine at 45'C and held at this temperature for 
30 minutes before being quenched -to the experimental 
temperature at the maximum possible cooling rate. After 
gelling, the sample was melted and the melting profile 
obtrained. The enthalpy of melting was determined either 
by measuring the area of the peak with a planimeter or 
by weighing the peaR. and comparing the value with that !0 
of a corresponding piece of chart paper whose 'enthalpy 
value' was known from the heat flow arid temperature 
axes. 
(3) Optical Rotation Measurements 
Measurement of optical rotation was carried out on a 
Perkin-Elmer 241 Polarimeter, using jacketed cells of' 
pathlengths I and 10 cm. As in the other physical 
measurements, the gelatin solutions were 
injected into 
the cells from a stock solution 
held at 45ýC. 
Temperature control of the sample was achieved using a 
circulating water 
bath controlled to within 0.5 C over 71 
the temperature range studied, 
the actual sample 
temperature being monitored 
by a thermocouple. in 
melting experiments 
a 20 minute equilibration period was 
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allowed before readings were taken, and in temperature 
quench experiments the temperature was quickly altered 
by switching to a second water bath at the desired 
quench temperature, prior to observing the change in 
optical rotation with time. Optical rotation readings 
were taken at various wavelengths (255,365,436,546 
and 578 nm) , the actUal wavelength used being decided by 
the concentration of the gelatin solution and the lengt1i 
of polarimeter cell involved. 
(4) Circular Dichroism Studies 
CD spectra were recorded on a Jobin Yvon Auto 
Dichrograph Mark V Spectropolarimeter using a1s 
integration period. Gelatin solutions were injected into 
the CD cells, which were maintained at the required 
temperature by means of a circulating water bath, 
circulating water through the cell compartment. Cells of 
pathlengths in the range 0.05 mm to 0.2 mm were used, 
the choice of cell being determined primarily by the 
wavelength range under study. At higher wavelengths 
( 260-210 nm) , higher gelatin concentrations had to be 
used than at lower wavelengths ( 230 - 180 nm) , where the 
magnitude of the CD necessitated the use of very low 
gelatin concentrations. Spectra were recorded at 1 nm 
intervals, with accumulation of at least 15 scans to 
improve the signal-to-noise ratio. Cell blanks recorded 
in the same way were then subtracted. Once again, 20 
minutes was allowed 
for thermal eqt1ilibration in gel- 
melting experiments. 
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4.2. MATERIALS 
4.2.1. General Materials 
General laboratory reagents such as sodium azide, sodium 
chloride etc., used throughout this work, were all of 
analar grade and obtained from BDH Chemicals Ltd., 
Poole, Dorset, UK. 
4.2.2. Gelatins and their Characterisation 
The gelatin samples used were kindly supplied by 
Sanofi Bio-industries Ltd. , and consisted of eight 
samples, four of which were extracted from ossein 
pretreated with lime, the other four being obtained from 
the acid pretreatment process on pigskin. The four 
samples of each pretreatment process represented the 
lst, 2nd, 3rd and 4th cuts of the extraction stages and 
were therefore coded according to their source and 
pretreatment (acid pigskin - AP; limed ossein - LO) and 
their cut number (1,2,3,4). For example, AP-3 would be 
the code for the third cut of the gelatin produced from 
acid pretreatment of pigskin. The gelatin samples were 
not further purified or fractionated in any way 
but used 
directly as supplied. The remainder of this chapter 
discusses the characterisation of the eight samples and 
presents the results of various 
tests/characterisation 
procedures to which 
they were subjected. 
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4.2.2.1 Rheological Properties of the Gelatin Samvles 
The intrinsic viscosities of the samples were measured 
using capillary viscometry as described in section 4.1.2. 
Figs. 4.1a and 4.1b show the extrapolations used to 
determine the intrinsic viscosities listed in Table 4.1. 
For the limed ossein samples LO-1, LO-2* and LO-3, the 
intrinsic viscosity values are relatively large, the 
value increasing slightly with increasing extract 
number. LO-4, however, the final extract sample, has a 
vastly reduced value of intrinsic viscositY9 indicating 
a molecular weight considerably lower than those of the 
first three extracts. For the acid pigskin gelatins, 
AP-1 has the highest intrinsic viscosity with AP-2 
having a slightly lower value. The third and fourth cuts 
of acid pigskin, AP-3 and AP-4, have much smaller 
intrinsic viscosity values than the first two extracts. 
Viscosity average molecular weights (Table 4.1) were 
estimated from the intrinsic viscosity values using 
Mark-Houwink parameters of K=1.15 X 10- 3 dl g- I and 
cL = 0.52 (derived as an overall best f it to the various 
sets of experimental data collated by Veis, 
1964). 
A mechanical spectrum of each of the eight samples was 
recorded on a 5% w/w gel 
formed by curing at 5*C for 16 
hours. The results of this test are presented 
in Fig. 
4.2a and Fig. 4.2b which show 
the same general shape for 
all samples 
(i. e. typical gel-like behaviour with G' 
being constant and higher 
than G" at al I accessible 
frequencies, and fl* 
decreasing with a gradient of 
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TABLE-A_. I. 
EXPERIMENTAL VALUES OF VARIOUS PARAMETERS OBTAINED 
FOR THE EIGHT GELATIN SAMPLES 
SAMPLE ITI I 
(dl/g) 
Mva 
(kD) 
Gtb 
(dyn/CH, 2 
LO-1 0.470 105 45500 
LO-2 0.545 140 44000 
LO-3 0.570 152 36000 
LO-4 0.305 46 18500 
AP-1 0.380 70 51000 
AP-2 0.345 58 46000 
AP-3 0.165 14 12000 
AP-4 0.170 15 11500 
using values of K=1.15 X 10-3 dlg-I and 
a=0.52 obtained as described in the text. 
G' measured on gels (50 mg ml- after being 
cured at VC for 16 hours. 
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approximately -1 ). The actual values of G' (Table 4.1 ) 
show no direct relationship with the molecular weights 
obtained from the intrinsic viscosity data. Samples LO-I 
and LO-2, of similar molecular weight, form gels with 
5 similar storage moduli but sample LO-3, which has a 
slightly higher molecular weight, gives a lower value 
I tor G' Sample LO-4, which has a considerably lower 
molecular weight, forms gels with much lower storage 
moduli than any of the higher molecular weight samples. 
The acid pigskin gelatins show a closer relationship 
between G' and molecular weight. The two samples of low 
molecular weight, AP-3 and AP-4, form gels with much 
lower storage modUli than AP-1 and AP-2, and also, 
sample AP-2 which has a slightly lower molecular weight 
than AP-1 , forms gels with a slightly reduced G' . 
4.2.2.2. Molecular Weight Distributions of the Gelatins 
The molecular weight distribution within each of the 
eight samples was investigated using the techniques of 
gel permeation chromatography (GPC) and polyacrylamide 
gel electrophoresis (PAGE). 
Gel p, --rm, -Ption Chromatography 
The principle behind the technique of 
GPC is to fractionate 
the sample under investigation according 
to the size of 
the molecules present. 
The separating medium is a slurry 
of solid porous particles 
packed in a column. It is first 
equilibrated 
by pumping through the buffer solution used 
to dissolve the sample. 
A small amount. of sample is then 
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introduced into the column and pumped through, along with 
the buffer. Separation of the different molecular 
weights present in the sample results from their ability 
to penetrate, to different extents, into the pores of 
the stationary phase. Very small molecules can enter all 
the pores of the column packing material and are eluted 
last, whereas very large molecules are excluded from the 
pores and are thus eluted first. Molecules of intermediate 
size penetrate the stationary phase to different extents, 
thus being retained on the column for different lengths 
of time (somewhere between that of the very large 
molecules and that of the very small molecules). 
The GPC apparatus which was used to characterise the 
molecular weight profiles of the eight gelatin samples 
consisted of a jacketed column of length 1m and 
internal diameter 0.9 cm, packed with a separating 
medium of Toyopearl HW 55 S. An HPLC system was used to 
pump the buffer (0.2M disodiumhydrogen orthophosphate in 
0.3M NaCl) through the column at a flow rate of 
0.5ml/min, the temperature of the column being 
maintained above 45*C at all 
times by means of a 
circulating water 
bath. 20ýLl portions of 0.5% gelatin 
solutions were 
introduced into the column by means of a 
2WIl sample loop- Prior 
to injection the sample was 
degassed and filtered through a 
0-45ýim filter. Eluent 
detection was carried out 
by monitoring the u. v. 
absorption of 
the eluent at 220 nm (the wavelength of 
maximum absorption 
of the peptide bond). 
14S 
The elution profiles of the limed ossein and acid 
pigskin gelatin samples are presented in Fig. 4.3a and 
4.3b respectively. Samples LO-1, LO-2 and LO-3 contain 
three specific molecular weight fractions, presumably 
containing the a, 0 and Y components of the gelatin. The 
amount of high molecular weight material present 
increases on going from the first to the third extract 
and LO-1 contains the highest proportion of a chains. 
Sample LO-4 on the other hand, has a more symmetrical 
molecular weight distribution, with no specific 
molecular weight bands, but rather a broad range of 
molecular weight with the average being considerably 
lower than that of the first three limed ossein extracts. 
The acid pigskin gelatins contain no specific, sharp 
molecular weight fractions, the GPC profiles being quite 
broad and unimodal. AP-1 and AP-2 have the highest 
molecular weights while AP-3 and AP-4 appear to be 
approximately the same as each other but lower than 
either AP-1 or AP-2, as indicated also by intrinsic 
viscosity data. Samples AP-3, AP-4 and LO-4 give very 
similar molecular weight distribution profiles, which is 
probably due to the severity of 
the pretreatment and 
extraction processes, resulting 
in all labile bonds 
being hydrolized. 
1 
'I 
I 
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ABSO RBANCE 
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a. 
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Figure 4.3. Gel permeation chromatography on the eight gelatin 
samples using Toyopearl HW 55S as the separating 
medium. (See text for other experimental details). 
a) The limed ossein gelatins Possessing large 
amounts of relatively high molecular weight 
material LO-1 LO-2 LO-3 
LO-4 
b) The acid pigskin gelatins AP-1 
AP-2 AP-3 AP-4 
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Polyacrylamide gel electrophoresis (PAGE) is of great 
use in characterising biopolymers. The basic principle 
behind electrophoresis is to observe the movement of the 
sample under the influence of an electric fieldg and 
thus separate the sample into its different constituents. 
In PAGE a large voltage is applied across a gel formed 
from the polymerisation of acrylamide, the concentration 
of acrylamide determining the strength of the gel and 
also, as a result of the steric effects of the gel 
pores, the rate at which proteins can move across the 
gel. Two other parameters influence the rate of 
movement, the charge on the protein and the electric 
field. The electric field is predetermined and set at 
the start of the experiment while the effect of the 
charge on the protein can be better defined by carrying 
out the experiment in the presence of sodium 
dodecyl 
sulphate (SDS) under reducing conditions. 
These 
conditions cause the protein molecules 
to assume a 
uniform extended rod shape with approximately 
the same 
charge per unit length. 
Under such circumstances, for a 
given acrylamide concentration, 
the rate of migration of 
the protein across the gel 
is dependent only on its 
molecular size and 
therefore separation according to 
molecular weight 
is possible. 
The PAGE apparatus used 
to characterise the eight 
gelatin samples 
consisted of a Shandon 
Vertical Slab 
unit 2000 connected 
to an LKB Bromma power supply. 
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Due to the high Polydispersity of the sample, a single 
concentration of acrylamide could not be used and three 
different concentrations (12%, 8% and 4%) were stacked on 
top of each other to produce a gradient of decreasing pore 
size on travelling through the gel. The polyacryiamide 
gels were prepared using the required amount of 30% 
acrylamide, 0.3 ml of 10% SDS, and a small amount of 10% 
ammonium persulphate (-,, 10041) and N, N, NW-tetramethý-1- 
ethylenediamine (, \, 2041) as activating agents. Once formed, 
approximately 3041 of a 0.2% solution of each gelatin 
sample, under reducing conditions, was introduced into 
the wells formed in the stacking gel. The system was then 
set to run overnight and the gel stained (Coomassie blue) 
and destained (water/acetic acid/methanol mixture) the ne, -, t 
day to reveal the protein bands as illustrated in Fig. 4.4. 
Samples LO-1, LO-2 and LO-3 show the same characteristic 
bands with the amount of higher molecular weight !3 
material (bands closer to the top of the gel ) increasing In 
with extract number as also indicated 
by GPC. LO-4, 
however, has much less higher molecular weight material 
present and appears to be more polydisperse. 
The reSUitS 
for the acid pigskin samples are somewhat 
different to 
the limed ossein samples in that 
they show a more banded 
pattern. -AP-1 and 
AP-2 clearly contain the highest 
molecular weight material, 
having bands in similar 
places to the 
limed ossein samples, whereas AP-3 and 
AP-4 are deficient 
in these bands, with a considerabiý- 
higher fraction of lower molecular 
weight material. 
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Figure 4.4. Polyacrylamide gel electrophoresis on the eight 
gelatin samples (see text for experimental details). 
The bands closer to the top represent the higher 
molecular weight species with lower molecular 
weight fragments travelling further through the 
gel. 
iso 
To summarise therefore, it appears that the first three 
extracts of limed ossein gelatin are similar in terms of 
molecular weight, as are the first two extracts from 
acid pigskin gelatin. LO-4, AP-3 and AP-4, however, 
appear to have been substantially degraded. 
isi 
CHAPTER 5: MELTING BEHAVIOUR OF GELATIN GELS 
INTRODUCTION 
it is well known in the gelatin industry that the n 
thermal history of gelatin gels can have a profound 
effect on their physical properties (Stainsby, 197-1b; 
Ledward, 1986 ). Numerous studies on the meltlng of 
gelatin -fels and collagen by various physico-chemical m *_3 
techniques ha,,, -e been reported (Beier and Engel, 1966; 
Privalov and 'Fil%-. topulo, 1970; Petrie and Becker, 19-10; 
Godard et al., 19718; Djabourov and Papon, 1983) but 
the results are often conflicting and vary according to 
the sample under test and the specific experimental 
conditions. 
One of the most interesting aspects of the influence of 
thermal history is the increased rigidity of gels formed n 
by holding a sample for a period of time at a moderate 
temperature prior to quenching to the final temperati-ire, 
over gels quenched directly to the lower temperature 
(te Nijenhuis, 1981a, b). The final value of the 
rigidity modulus depends on the temperature of 
pre-maturation and the length of time held at this 
temperature. Te Nijenhuis (1981b) suggested that at aný Mn 
given temperature certain structures are stable, and n 
that the number of these structures continues to 
increase with time, at the same rate, irrespective of 
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temperature, provided that the temperature is lower than 
that required to form the structure. This explanation, 
however, does not explain the observed effect of 
pre-maturation on the final value of the rigidity 
modulus. This chapter reports a detailed re-examination 
of this essentially unexplained behaviour, using a 
variety of different techniques to monitor the melting 
behaviour of gels formed under various curing regimes. 
5.2. MELTING OF HELICAL STRUCTURE AS MONITORED BY 
DIFFERENTIAL SCANNING CALORIMETRY AND OPTICAL ROTATION 
Fig. 5.1a shows the time-course of helix structure 
regeneration (as monitored by optical rotation at 
A= 365 nm) for a 20 mg ml-I LO-1 solution, after 
rapid quenching to 5'C from 45'C. The initial rapid 
change in optical rotation is followed by a slower 
logarithmic stage and, after approximately 12 hours, 
the overall helix fraction changes only very slightly 
with time. Melting endotherms for the same solution 
gelled at 5*C for 16 hours, obtained by differential 
scanning calorimetry (DSC), at various scan rates, are 
shown in Fig. 5.1b. The increase in scan rate has 
little, if any, effect on the shape of the 
melting endotherm and merely shifts its position to 
higher temperatures; this can be attributed to thermal 
lag within the calorimeter. A plot of transition 
midpoint temperature (Tm) versus scan rate (Fig. 5.1c) 
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Figure 5.1. a) Regeneration of ordered helical structure 
(monitored by optical rotation) as a function of 
time on quenching a solution of LO-1 (20 mg ml-1) 
to 5, C; 
b) DSC melting endotherms of the LO-I solution at 
various scan rates (0.1,0.2 and 0.5'C min-1) 
after being held at 5*C for 16 hours; 
c) Effect of increase in scan rate on the apparent 
position of the transition mid-point temperature of 
the LO-I solution. 
TIME (min) LOG SCALE 
SCAN RATE (OC/min) 
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is linear and, by extrapolation, can be used to obtain 
the values of Tm at zero scan rate. For the scan rate 
of 0.1'C min-1 used in most of ther work reported in 
this thesis, the deviation from the extrapolated value 
is less than 1*C. 
The physical properties of gelatin gels, as mentioned 
previously, are crucially dependent on their thermal 
history. This has been investigated systematically 
using DSC to observe the melting behaviour of gels held 
at different temperatures for different lengths of PD 
time. LO-I (20 mg ml-1) gels were formed by quenching 
the sample from 450C to the temperature under 
investigation and holding at that temperature for 
varying lengths of time before further cooling to 5'C 
for 16 hours and melting out. 16 hours at 50C was 
chosen as a reference state for all scans because, 
after this time, further conformational ordering as 
judged by optical rotation (Fig. 5.1a) was negligible 
over the period of the DSC measurement (-7 hours). 
The effect on the melting endotherms of pre-maturation 
at higher temperatures is illustrated in Figs. 5.2a, b, 
c, d for holding temperatures of 10,15,20, and 25*C 
respectively. For any particular holding temperature 
(To) a family of curves is obtained, showing progressive 
development of a higher-melting peak with increased 
length of time at that holding temperature. The 
thermograms assume a distinct bimodal character with the 
iss 
0 
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10 15 20 25 30 
TEMP (* 
35 
INCREASING 
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40 45 
Figure 5.2. DSC melting endotherms for LO-1 gels (20 mg ml-1) 
held at various temperatures (To) for various 
lengths of time, prior to final quenching to 5*C 
for 16 hours: 
a) Sample held at 10*C for 0,1.5,4 and 42 hotirs. 
b) Sample held at 15'C for 0,1.5,7 and 24 hours. 
c) Sample held at 20'C for 0,2,7,24 and 72 hours. 
d) Sample held at 25'C for 0,8 and 35 hours. 
1S6 
families of curves, for each holding temperature, 
crossing at a single isobestic point, and the position 
of the higher-melting peak increasing with increasing 
To. In all cases, however, the overall enthalpy change 
(peak. area) is essentially constant (Table 5.1) at 
approximately 3.3 kJ mol-I (assuming an average 
residue molecular weight of 100) and the net helix 
fraction is also virtually unchanged (at-. 60%). 
Generation of a population of higher-melting species 
has also been conveniently observed by monitoring the 
temperature course of helix melting using optical 
rotation as an index of helix fraction. Fig. 5.3 
illustrates that the decrease in helix fraction with 
incremental increase in temperature (da/dT) is closely 
superimposable on the overall melting profile obtained 
by DSC, both for samples quenched directly to 5'C and 
for those held for a time at higher temperatures to 
give bimodal melting behaviour. 
Fig. 5.3 also shows the temperature-course of helix 
melting for the same sample when it is held for the same 
length of time at To, but then melted directly from this 
temperature without first cooling to 5'C. Under these 
conditions, the temperature-dependence of da/dT is 
unimodal, joins the bimodal melting curve at the 
isobestic point, and follows the same temperature-course 
thereafter. Melting endotherms obtained by DSC on 
samples melted directly from the holding temperature 
1S7 
similarly follow the same profile as the higher melting 
peak of samples in which the standard 16 hours at 5*C 
was utilised as can be seen for the holding temperatures 
of 5,15,20 and 25*C in Fig. 5.4. It therefore appears 
that the bimodal melting behaviour, characterised 
independently by DSC and optical rotation, has its 
origin in the selective formation at To of a population 
of helices of greater thermal stability than those 
formed at lower temperature WC), which then remain 
virtually unchanged when the temperature is subsequently 
decreased. 
The close superposition (Fig. 5.3) of the temperature- 
course of melting by the techniques of DSC and optical 
rotation argues against stabilisation of helices by 
helix-helix aggregation as has been proposed in the past 
(Godard et al., 1978; Tomka et al., 1975). Only if 
the enthalpy change associated with aggregation was 
extremely small and therefore undetectable by DSC, could 
aggregation of helices be a possible stabilizing force; 
a measurable aggregation enthalpy would alter the 
melting profile obtained by DSC compared to that 
obtained by optical rotation, which reflects only the 
destruction of helical structure. 
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Figure 5.3. Thermal melting of LO-1 gels (20 mg ml-1) 
quenched to 5*C for 16 hours directly (0 or 
af ter holding f or, 24 hours at 20 *C (40 symbols 
show local conformation change by optical rotation 
(da/dT) and solid lines show overall enthalpy 
change (Fig. 5.2c) by DSC. Also shown (&) is 
the optical rotation change for the same sample 
melted directly after holding at 20"C for 24 hours. 
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5.3. EFFECT OF PRE-MA 
RIGIDITY MODULUS, GI 
N 
i AT HIGHER TEMPERATURES ON THE 
Holding a sample at higher temperatures, prior to aging 
at 5'C, has little effect on the overall helix fraction 
measured by optical rotation or the enthalpy of melting 
obtained from DSC (see Table 5.1) compared to a sample 
cooled directly to 5'C. There is, however, a significant 
effect on the rigidity (G') of the gel, which has been 
reported by various workers (te Nijenhuis, 1981a, b; 
a 
Stainsby, 1962,1969). 
To investigate this further, 20 mg ml-I LO-1 samples 
were subjected to the same temperature regime use in 
the DSC measurements and the loss of rigidity on melting 
monitored. The results for a sample held at 20'C for 24 
hours and then cooled to 5*C for the standard 16 hours, 
are illustrated in Fig. 5.5a, b along with the results 
for a sample quenched directly to 5*C. The gel cured at 
the higher temperature has a marked increase in rigidity 
over the gel cured only at 5"C (830 Pa compared to 
630 
Pa), with the value remaining higher throughout the 
melting process. Furthermore, in the case of samples 
held for sufficiently long to give obvious biphasic 
melting behaviour by DSC, the temperature-course of 
loss 
of rigidity on heating (dG'/dT) also shows 
bimodal 
character (Fig. 5.5b). 
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The shapes of the dG'/dT melting profiles are not 
superimposable upon those obtained by optical rotation 
and DSC (Fig. 5.3). This is not a surprising result as 
DSC and optical rotation monitor the melting of helices 
at a molecular level, whereas the rigidity of a gel is a 
measure of the long range network properties. The 
positions of the two peaks, however, correspond closely 
for all three physical techniques, indicating the 
techniques are merely monitoring different resulting 
aspects of the same underlying process. 
5.4. STABILITY AT DIFFERENT TEMPERATURES 
The melting profiles, obtained from both DSC and OR, of 
samples held for long periods of time at different 
holding temperatures and subsequently melted directly 
from these temperatures, are shown in Fig. 5.4 and Fig. 
5.6, respectively. The melting points (Tm) for any 
particular To are approximately the same by both 
techniques and are tabulated in Table 5.2, which lists 
the temperature when half of the melting transition has 
occurred. It can be seen that increased.. holding 
temperature leads to increased thermal stability which 
has been reported previously by Beier and Engel (1966), 
working on renatured collagens. They, however, found 
biphasic melting behaviour at almost all holding 
temperatures, with holding temperatures above 15: C 
6 
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Table 5.1. Enthalpies of melting for 20 mg ml-1 LO-1 gels formed 
by quenching the sample to various temperatures (Toy 
for varying lengths of time prior to further cooling 
at 5*C for 16 hours. 
To (OC) 
5 
ENTHALPY OF 
MELTING 
(J/g SOLUTION) 
0.652 ±0.02 
ENTHALPY OF 
MELTING a 
(kJ/mol) 
3.26 ±0.1 
10 1.5 0.627 it 3.13 if 
10 4 0.626 3.13 
10 42 0.648 3.24 
15 1.5 0.682 3.40 11 
15 7 0.683 3.42 
15 12,4 0.688 3.44 
20 2 0.678 3.39 
20 7 0.684 3.42 
20 24 0.687 3.43 
20 72 0.701 3.50 
25 8 0.656 3.28 
25 35 0.693 3.46 
C- 
a Calculated assuming an average amino acid residue 
molecular weight of 100 for gelatin. 
Table 5.2. Melting points (Tm) of 20 mg ml-l LO-1 gels cured for 
a long period of time at holding temperatures (TO). 
The value of Tm is the temperature at which half of 
the transition has occurred as judged by optical rotation. 
T, (c> C) Tm (OC) 
5 22.0 
10 22 3.5 
15 25.5 
20 28.1 
25 31.1 
LENGTH OF 
TIME AT T0 
(HOURS) 
16 
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giving rise to a specific melting peak at the nati%e 
collagen melting temperature. No such peak was ever 
observed in the work reported in this thesis. The 
relationship between Tm and To will be discussed in 
fUrther detail later (Chapter 7 ). 
Previous investigators ( Eldridge and Ferry, 19.554 Stainsb-, tN 13 
1977b) have reported the annealing in of more stable 
structures with increased time at a partiCUlar holdinng 
temperatUre. According to the results presented in 3 
Fig. 5.2, for the LO-1 sample used throughout this work, IM 
however, this does not appear to be the situation. 
Instead, for any specific To, there is an approximately 
Guassian population of stable structures centred aroun, -i 
the corresponding Tm, which begins to form on reachine, 
the quench temperature and progressively increases in 
magnitude with no change in Tm. Only in the case of the m 
sample quenched directly to 5ýC is there any evidence of 
a significant annealing effect where, after 90 hours at 
5'C, the shape of the melting endotherm becomes less 
broad, presumably as a result of the conversion of Lhe 
least stable structures into ones possessing higher 
thermal stability (see Fig. 5.7). 
It is well known (Ferry, 1948a) that raising the 
temperature of a gelatin gel after pre-cooling at a 
lower temperature, leads to rapid attainment of the 
rigidity value ý,, 7hich would have been obtained by curing 
for Iona periods of time at the higher temperature 
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a similar effect is also observed with optical rotation 
measurements. This behaviour has frequently been 
utilised as a method for obtaining a so-called 
tequilibrium gel' at high temperatures, avoiding the 
long aging period required if pre-cooling was not used. 
The situation is not as simple as this, however, as 
indicated in Fig. 5.8 which illustrates the melting 
endotherms of gels cured first at 5*C, then raised to 
25'C for varying lengths of time, followed by a further 
16 hours at VC. The position of the higher-melting peak 
increases with increasing time at 25*C, approaching, but 
not reaching, the peak position of samples cured 
directly at 25'C without the pre-cooling period at VC 
(Fig. 5.2d). The size of the second peak, however, does 
not vary greatly with increased time at 25*C, indicating 
that the helix fraction is approximately constant even 
though the stability of the structures is still changing 
with time. Thus, although pre-cooling may very quickly 
lead to an 'equilibrium helix fraction' on subsequent 
heating, the stability of the helices continues to 
change over a long period of time. 
5.5. NATURE OF THE OBSERVED INCREASED STABILITY 
As shown above, the triple helical regions within a 
gelatin gel have varying thermal stabilities which, with 
increasing renaturation temperature, approach but never 
reach, that of native collagen (Tm 36'C - 40*C). These 
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results obviously raise the question: What is the 
molecular basis for the formation of a population of 
helices of greater stability by curing at higher 
temperatures? 
Specific interactions 
One possible answer to the question posed above could be 
that, at low temperatures, helices of low stability are 
formed by a non-specific triple helical interaction of 
the gelatin chains, whereas, at higher temperatures, 
annealing of the helical structures can occur, resulting 
in more specific, thermodynamically favourable 
interactions between the amino acid residues in the 
gelatin chains (for example helical segments containing 
one a2 chain and two al chains in correct register). 
This possibility has been investigated using the 
technique of circular dichroism (CD) which, as stated in 
Chapter 3, is particularly sensitive to detail of macro- 
molecular organisation and, as such, might be expected 
to detect any differences in local molecular 
environments caused by specific monomer residue 
interactions. 
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CD studies 
The CD spectra (X = 250-210 nm) obtained on melting a 
20 mg ml-1 gelatin sample, after curing for 16 hours 
at 5*C only and for 24 hours at 20*C followed by 16 
hours at 5'C, are shown in Figs. 5.9a and 5.9b 
respectively. For samples in the gel state there is a 
positive peak at 221 nm; this peak has been reported 
previously by other workers studying collagen (Nishio 
and Hayashi, 1985) and is therefore further confirmation 
that the gelatin molecules are undergoing some partial 
reversion to the collagen triple helix conformation. 
There are no appreciable differences in the CD spectra 
of the gels cured under the two cooling regimes which, 
as with the optical rotation results, indicates that the 
net helix fractions within the two gels are the same. 
On melting out (see Figs. 5.9a and b), the peak at 221 
nm decreases in size as the conformation changes from 
triple helical to random coil. For the sample previously 
cured at high temperature, the disappearance of the peak 
on melting occurs at higher temperatures than for the 
sample cured only at 5*C and, as expected, a plot of the 
temperature-course of loss of peak height versus 
temperature is bimodal (Fig. 5.10). For'the sample 
pre-matured at 20*C prior to aging at 5*C, Fig. 5.11 
shows 'difference spectra' between the CD spectra 
obtained at 5*C and 22 0C and the CD spectra obtained at 
27*C and 39'C respectively. Clearly, there is no 
significant difference (within experimental error) 
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between the two 'difference spectra', indicating that 
the high-melting and low-melting species have 
essentially the same ordered structure. 
Circular dichroism at lower wavelengths (<210 nin) was 
also used to monitor the conformational change on 
heating. The CD spectra of gelatin solutions and gels 
have a large negative peak at r'-198 nm which gives rise 
to the negative values of optical rotation at higher 
wavelengths. On melting a gelatin sample,, the magnitude 
of this peak (Fig. 5.12 a and b) decreased in a manner 
corresponding to that of the decrease in peak height at 
221 nm. Again, providing no evidence of any specific 
residue interactions causing the observed higher melting 
peaks in DSC, optical rotation and rigidity 
measurements. 
5.5.2. Increased length of fielices 
A second and possibly more likely interpretation of the 
observed bimodal melting behaviour is that the minimum 
critical sequence length required for helix formation 
increases with increasing temperature, so that the 
helices formed at higher temperature (To) are longer 
than those formed on subsequent cooling and therefore 
melt at higher temperatures (Cantor and Schimmel, 1980). 
This effect arises from the increased co-operativity in 
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the formation and melting of' longer helices due to the 
balance between gain in enthalpy and loss of entropy, 
discussed in Chapter 1 (see also Chapter 7). 
DSC on samples other than LO-1 
In addition to the DSC on sample LO-1, the other seven 
gelatin samples were also subjected to different cooling 
regimes, and their melting profiles monitored by DSC. 
The DSC thermograms for the seven samples are shown in 
Figs. 5.13 to Fig. 5.19 inclusive (for exact details of 
the curing conditions see Figure legends) and provide 
numerous points of interest. 
As was the situation with LO-1, the overall enthalpy 
change for any particular gelatin was approximately 
constant regardless of the cooling regime used. However, 
the enthalpies of melting varied considerably for the 
different samples and are listed in Table 5.3. There is 
qualitative agreement between the gel strengths of the 
different samples (Table 4.1) and the enthalpies of' 
melting obtained after 16 hours at 5'C with the increase 
in G' paralleling the increase in enthalpy of melting. 
All eight-gelatin samples show the appearance of higher 
melting peaks with increased holding time at Iiigher 
temperatures; but, of greater significance is the fact 
that, for any particular To, the Tm of the higher 
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melting peak is approximately the same for all the 
samples, whether they be acid processed, lime processed, 
Ist extract, etc. The size of the higher melting peaks 
for the samples LO-4, AP-3 and AP-4 (Figs. 5.15,5.18 
and 5.19) are considerably smaller than for the other 
samples. This seems to support qualitatively the 
proposal that higher stability is a consequence of 
longer helices since these samples have a larger 
proportion of chains of low molecular weight, as 
measured by GPC, electrophoresis and inLrinsic viscosity 
(Chapter- 4), arid would therefore be limited in the 
number of longer helices they mighL be capable of 
forming. Also, for these three samples, gels cured at 
5'C only have lower inelting points than for the other 
samples, which again could be the result of chainlength 
distribution. 
The sample AP-1 (Fig 5.16) differs somewhat from the 
other samples in that the melting temperatures are 
slightly higher, and also there is a larger amotint of' 
helix formed at 25"C. This again can be attributed to 
the molecular weight distribution which, as indicated by 
electrophoresis (Fig. 4.4), is composed of various 
discrete chainlengths of relatively high molecular 
weight. Furthermore, the melting endotherms of AP-1 show 
discrete waves of inelting superimposed on the overall 
envelope, which is a probable consequence of the rather 
specif ic, banded ell-ainlength distribution. 
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Table 5.3. Ethalpies of melting of the eight different samples 
(concentration 20 mg wl-1)after being cured at 
5"C for 16 hours. 
SAMPLE ENTHALPY OF 
UELTING 
(J/g SOLUTION) 
ENTHALPY 
MELTING 
(kJ/mol) 
OF 
a 
LO-1 0.652 ±0.02 3.26 ±0.1 
LO-2 0.570 2.85 
LO-3 0.588 2.94 
LO-4 0.438 2.19 
AP-1 0.688 3.44 
AP-2 0.711 3.56 
AP-3 0.526 2.63 
AP-4 0.513 2.56 
a Calculated assuming an average amino acid residue 
molecular weight of 100 for the gelatins. 
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5.6. CONCLUDING REMARKS 
From the results presented above it is obvious that 
curing gels at higher temperatures leads to the formation 
of populations of triple helices of higher thermal 
stability, which remain essentially unchanged on dropping 
to lower temperature. The precise nature of this increased 
stability has been investigated and there is no evidence 
to support stabilization through aggregation of helices, 
or stabilization due to specific amino acid interactions 
within the helical structure. Examination of different 
gelatin samples gives qualitative support to the proposal 
that differences in thermal stability arise from 
differences in distribution of helix length. However, if 
helix length is the controlling factor in causing the 
higher melting behaviour, then the question arises of why 
there is an associated increase in gel rigidity. As the 
helix fraction for samples pre-cured at higher temperature 
and cured only at low temperature remains essentially 
constant, longer helices would of necessity imply fewer 
helices for -the sample held at the higher temperature, and 
therefore, at first sight, a weaker network rather than 
the more rigid structure observed experimentally (Fig. 
5.5a). 
In Chapter 6 further evidence from other lines of 
investigation, Particularly kinetic studies, presents a 
unifying interpretation of these apparently conflicting 
observations. 
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CHAPTER 6: KINETICS OF GELATIN GELATION 
INTRODUCTION 
The mechanism of formation of gelatin gels has been the 
subject of numerous studies and there are many papers in 
the literature referring to the kinetics of the process. 
An early example of one such investigation is that of 
Smith (1919) who used optical rotation measurements to 
study the renaturation process, and since then the use 
of optical rotation in conjunction with other 
measurement procedures (e. g. viscosity and shear modulus 
determinations, NMR and light scattering) has formed 
the basis of much of the work reported. 
Ferry (1948b) described the optical rotation of gelatin 
solutions cooled below 40*C in terms of two phases of 
optical rotation change, an initial stage lasting 
several hours, followed by a much slower phase, which 
continued to progress even after several days. The 
explanation of such results has proved to be extremely 
difficult, especially interpretation of the slower 
phase, during which the laevorotation never appears to 
reach a constant value. The increase in laevorotation is 
attributed to renaturation of the collagen triple 
helical structure, but the slowness of this process, 
compared to the thermal denaturation of intact collagen 
monomers, clearly argues against a simple, two state, 
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all coil or all helix mechanism for the transition. 
Indeed, on renaturation, the values of optical rotation 
never reach those of the intact collagen. 
In one mechanistic study (Flory and Weaver, 1960) 
gelatin solutions, below their gelling concentration, 
were rapidly quenched to temperatures in the range 5* to 
23*C. It was shown that the amount of renaturation 
was extremely dependent on temperature, with far less 
recovery taking place at higher temperatures than at 
lower temperatures. From analysis of the results, it was 
concluded that the regeneration of the triple helical 
structure wasl surprisingly, a first order process, with 
the reaction rate showing a high negative temperature 
dependence. In order to explain the first order 
concentration dependence, Flory and Weaver proposed a 
model for helix formation in which the rate determining 
step involved the transient formation of helical 
segments in the proline-rich parts of ge-latin chains, 
with rapid conversion of these structures to the triple 
helix through intermolecular reaction. The effect of 
temperature on the reaction rate (R) was also discussed 
and described by the equation 
ln R= -A/TAT (Equation 6.1) 
where 4T is the extent of undercooling below the melting 
temperatureq Tm, of the parent collagen. 
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This type of relationship is characteristic of polymer 
crystallization with apparent negative energy and 
entropy of activation (Rose, 1986). 
At approximately the same time as the Flory-Weaver work, 
Harrington and von Hippel (1961) confirmed the 
concentration-dependence of specific rotation data at 
low gelatin concentrations. They, however, proposed a 
kinetic mechanism involving a very rapid initial folding 
of the proline-rich segments into an ordered 
conformation, followed by a slower and more complete 
ordering of individual chains and finally slow 
association of the chains into triple helices. This 
mechanism is markedly different to the Flory-Weaver 
mechanism, in that the individual ordered chains are 
ascribed an intrinsic stability, explained in terms of 
water molecules becoming involved in stabilisation 
through hydrogen bonding. 
These two proposed mechanisms for helix formation were 
debated for a number of years but in the light of 
further experimental work, particularly on purified 
gelatins, have gradually become superceded by more 
detailed interpretations of results. The explanation of 
the unimolecular kinetics by the Flory-Weaver 
intermediate became unnecessary, as antiparallel reverse 
helix formation within single chains was envisaged at 
low concentrations, with intermolecular helix formation 
becoming more probable at higher concentrations. 
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Detailed proposals have been advanced (Harrington and 
Rao, 1970; Harrington and Karr, 1970; Yuan and Veis, 
1973) to explain the later stages of helix renaturation 
in terms of nucleation, growth and annealing processes 
with markedly different rate constants and temperature 
dependences. At low quenching temperatures, it is 
proposed that nucleation is fast, growth is slower and 
annealing processes occur very slowly, whereas at 
higher temperatures the growth process dominates, thus 
altering the nature of the helices formed. Another 
kinetic limitation to helix formation described more 
recently (Bruckner et al., 1981) involves the 
cis-to-trans isomerisation. of peptide bonds, 
particularly at imino acid residues, which have a 
greater likelihood than other amino acids of existing in 
the cis form, due to their cyclic secondary amine 
structure (see Chapter 1). 
Various mechanisms have been proposed to explain the 
relationship between helix renaturation and gel 
formation. Harrington and Rao (1970) suggested that, in 
semi-dilute solutions, the renaturation of the helices 
involved the formation of triple helical segments 
composed of strands of different gelatin chains; thus 
development of a 3-dimensional mesh-like structure with 
chains involved in more than one helical segment could 
occur. An alternative model (Eagland et al., 1974) 
preferred intramolecular helices, even at high 
concentrations, and proposed gel formation through 
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association of ordered species via entanglements, 
van der Waals interactions and hydrogen bonds. Finally, 
Godard et al., (1978) viewed gelation as a 
crystallisation phenomenon, the junction zones in the 
gel network being fibre-like assemblies formed by 
lateral association of triple helical structures. 
Although some electron microscopy evidence appears to 
support the latter theory (Godard et al., 1978; Tomka 
et al., 1975), the generally accepted model at present 
is the inter-chain triple helix scheme of Harrington and 
Rao. 
Despite the large number of investigations that have 
been carried out on gelatin gelation, there is still no 
analytical theory for the renaturation process that will 
predict all the behaviour observed experimentally. 
Recently, Djabourov et al., (1983,1985) have fitted 
optical rotation data for quenched gelatin solutions 
using a combination of Avrami crystallisation kinetics 
and a logarithmic time-dependence. The processes 
involved have been identified by Djabourov and 
co-workers as a nucleated polymer-crystallisation step 
coupled with secondary crystallisation at longer 
times. Although this treatment fits the experimental 
data quite well, it gives no indication of what is 
actually occurring at a molecular level. 
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The remainder of this chapter deals with a detailed re- 
examination of the kinetics of the initial stages of 
renaturation of gelatin, using optical rotation as a 
measure of helix fraction. Although the kinetics of the 
gradual increase in helix fraction at long times after 
quenching are particularly complex, in the very early 
stages of renaturation, before any substantial amount of 
helix has formed, helix content increases linearly with 
time; thus, the initial slope of reaction progress 
curves can be obtained, and provide a direct measure of 
the rate of helix formation under conditions where 
competing reactions (e. g. denaturation of helices once 
formed) have negligible effect. 
6.2. SPECIFIC EXPERIMENTAL DETAILS 
The reaction progress curves for conformational ordering 
of a gelatin solution (LO-1; 20 mg ml-1), on quenching 
to various temperatures, are illustrated in Fig. 6.1 in 
the form of a plot of helix fraction versus log time. 
For samples cured at high temperatures (20,25*C) it can 
be seen that the rate of helix formation was extremely 
slow, making these temperatures experimentally 
impractical for initial rate measurements, especially at 
the lower concentrations studied. On the other hand, 
however, with low quench temperatures (5,10*C), the 
initial stages of helix regeneration were over so 
quickly that it was impossible to obtain reliable 
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results, particularly as a significant amount of ordered 
structure had formed during the time required to cool to 
the final quench temperature. For these reasons an 
experimental quench temperature of 15*C was chosen as 
the best compromise for the whole concentration range 
studied throughout this kinetic investigation. 
In order to minimise the length of time required to 
reach 15*C, the sample was injected at 45*C into a 
polarimeter cell pre-cooled with water at 5*C; the 
temperature of the sample was constantly monitored with 
a thermocouple, and on reaching 15*C the water bath 
circulating water at 5*C was replaced by a second water 
bath circulating water at 15*C, using a system of taps 
(see Fig. 6.2). Using this technique it was possible to 
attain a sample temperature of 15*C within 30 seconds, 
during which time no significant conformational ordering 
had occurred. 
In order to maximise the concentration range, it was 
necessary to take optical rotation measurements at 
different wavelengths and in different pathlength cells. 
At extremely low concentrations (<0.5 mg ml-1), the 
wavelength used was 255 nm in conjunction with a 10 cm 
supracil cell; this was to give the highest possible 
optical rotation readings. Above 0.5 mg ml-1, however, 
transmission at 255 nm became very poor and the 
wavelength of measurement had to be changed to 365 nm. 
Finally, at very high concentrations (>10 mg ml-I)q 
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there was insufficient transmission through the 10 cm 
cell and the pathlength was therefore reduced to 1 cm. 
6.3. CONVERSION OF OPTICAL ROTATION DATA TO REACTION 
PROGRESS CURVES 
Changes in helix fraction during the renaturation of 
gelatin after quench cooling were calculated from 
optical rotation data using values of specific rotation, 
[a], for the 'all-helix' and 'all-coil' forms at the 
same temperature and wavelength. Values of [a] for the 
coil form, [a1c, were obtained by direct measurement 
at temperatures above the onset of helix formation, and 
were found to be independent of concentration and to 
increase linearly with decreasing temperature, as 
illustrated in Fig. 6.3. Taking the specific rotation 
at 45*C, [CL145 , as a reference value, values of [a] I 
for the 'all-coil' form at lower temperatures, [a]CT 9 
could then be obtained from a linear equation of the 
orm: 
[ CL ICT/[ CL14 5=1+ G( 45 -T) (Equation 6.2) 
where T is temperature (*C) and -G is the gradient of 
[CLI/[CL]45 vs. T at T> 400C. Values of 
(CL145, Gj 
and (aICT used in calculations of helix fraction from 
optical rotation are listed in Table 6.1. 
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The specific rotation of native collagen is reported 
(. Djabourov and Papon, 1983) to be independent of 
temperature below the onset of helix melting (T < 30'C) 
and to have a value of 800*+- 10 at 436 nm. The 
corresponding values of specific rotation for the 
all-helix form, [a]H , at the shorter wavelengths used 
in the present work (365 and 255 nm) were derived from 
the reported experimental value at 436 nm by the 
following procedure. The specific rotation of partially 
renatured solutions (at various times after quenching to 
5*C) was measured at all three wavelengths (436,365 and 
255 nm). Since the 'all-helix' and 'all-coil' values at 
5*C and 436 nm are both known HaIH = 800, from the 
literature value for native collagen, and [a1c = 275, 
from Table 6.1), the helix fraction, fH, could be 
derived from the observed specific rotation at this 
wavelength, by the relationship: 
[ CL I= fH [ CL IH+( 1-fH )( CL I 
fH = ([a] - [aic)/([a]H - [alc ) 
(Equation 6.3) 
(Equation 6.4) 
Using this value, the specific rotation for the 'all- 
helix' form at lower wavelengths (365 and 255 nm) could 
then be calculated from the 'all-coil' value (Table 6-1) 
and the net observed value, [a], by: 
L CL IH= [alc +( [a] - [alc )/fH (Equation 6.5) 
* Values of [cx) given in units of mdeg. g-l dm2. 
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TABLE 6.1 # 
TEMPERATURE-DEPENDENCE OF SPECIFIC ROTATION 
FOR THE 'ALL-COIL' FORM AT VARIOUS WAVELENGTHS (X) 
X (nm) [ CL 14 5L CLIC 5L CL IC Is L CL IH 
436 254 . 00205 275 270 800 
365 418 . 00217 454 445 1268* 
255 1404 . 00276 1559 1520 3798* 
* Calculated in Table 6.2. 
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Values of [a] H derived from solutions of different 
helix fraction (Table 6.2) were in good agreement; the 
mean of these values for the 'all-helix' form are 
included in Table 6.1, along with the corresponding 
values for the 'all-coil' form. Both give linear Drude 
plots (see Chapter 3) for the wavelength-dependence of 
optical activity (Fig. 6.4), lending further confidence 
in the use of the parameters from Table 6.1 to calculate 
fH from optical rotation (Equation 6.4) in studies of 
the 'initial slope' kinetics for gelatin renaturation. 
The renaturation curves, in terms of helix fraction, for 
each concentration studied are shown in Figs. 6.5a, b, 
and c. From these plots the initial reaction rates 
(. dfH/dt) were obtained by fitting the best line to the 
linear portion of the reaction curve, which generally 
began to deviate from linearity at a helix fraction of 
approximately 6%. 
6.4. CONCENTRATION-DEPENDENCE OF ORDER OF REACTION 
The initial slopes from the reaction curves discussed in 
the last section are listed in Table 6.3 and represented 
graphically as a function of concentration in Fig. 6.6. 
At concentrations below approximately 0.5 mg ml-1, the 
initial slope (S = dfH/dt) remains constant; i. e. at 
these low concentrations the reaction displays 
first-order kineticsq consistent with an intra-molecular 
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process as the rate limiting step. At higher 
concentrations, however, the value of S increases 
substantially (by approximately an order of magnitude 
over the concentration range studied) indicating the 
onset of a second mechanism of conformational ordering. 
The kinetics of this second process have been examined 
by subtracting the constant value of S at low 
concentrations (SI) from the experimental value of S 
at higher concentrations to obtain the contribution 
(S2 =S- Sl) from the second process. As shown in 
Fig. 6.6 the slope of log S2 versus log c is very 
close to unity (1.04) and thus the additional process at 
higher concentration appears to be second order, 
consistent with the involvement of two chains in the 
rate-limit. ing step to triple helix formation. The point 
indicated in Fig. 6.6 where S2 = Si gives the 
concentration at which the two processes make an 
equal contribution to the overall reaction rate. 
In summary, therefore, the kinetic analysis appears to 
suggest two mechanisms for conformational ordering. At 
low concentrationsg the process appears to be almost 
entirely intramolecular while at higher concentrations, 
a second, bimolecular process, superimposed on the 
intramolecular process, is evident. 
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6.5. PROPOSED MODEL BASED ON THE OBSERVEDAINETICS 
Initial interpretation of the observed behaviour 
involved the proposal of the following set of tminimum 
assumptions' illustrated schematically in Fig. 6.7. 
1) Helix formation is initiated at a metastable hairpin 
turn (for example a 13-bend) which brings two chain 
segments into close spatial proximity. 
2) These may then form the nucleus for a triple helix 
by collision with a third strand. 
3) At low concentration the third strand is most 
likely to be a segment of the same chain, while at 
higher concentrations an intermolecular collision 
is more probable. 
4) Nucleation is rate limiting, so that the 
intramolecular process shows first order kinetics and 
the intermolecular process second order. 
These proposals therefore seem to explain the observed 
kinetic data. As mentioned previously (Chapter 1), 
proline and hydroxyproline are particularly effective in 
promoting formation of P bends and related tight turns; 
thus the likelihood of 0 bends being present in random 
coil gelatin as potential helix nucleation sites is a 
realistic possibility. Furthermore, this model offers a 
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simple explanation of the increased rigidity of gels 
whose thermal history has included a period of time at 
higher temperature. Since intramolecular helices involve 
three strands from the same chain, their maximum 
possible length will be one third of the chainlength, 
while for intermolecular helices, where only two of the 
participating strands are from the same chain, the 
maximum helix length will be half the chainlength. It 
would therefore be expected that the requirement for 
progressively longer helices with increasing temperature 
of renaturation would favour the formation of 
intermolecular helices (which will of course contribute 
to the strength of the gel network) in preference to 
shorter, intramolecular helices (which are 'wasted' in 
terms of network formation). 
Increasing gelatin concentration not only increases the 
rate of reaction but also alters the shapes of the 
melting profiles obtained from DSC. Fig. 6.8 shows the 
melting endotherms after 16 hours at 5*C for gelatin 
samples of concentrations 2 mg ml-1,20 mg ml-1, and 
200 mg ml-1, superimposed on the same plot. As the 
gelatin concentration increases the shape changes and, 
in particular, the width of the endothermic peak 
increases. This effect can also be explained in terms of 
the model presented above. Longer helices, 
formed 
preferentially by the intermolecular process which 
is 
favoured at higher concentrations, would be more stable 
and therefore melt at higher temperatures 
than the 
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shorter intramolecular helices favoured at lower 
concentrations. 
The peaks also broaden at lower temperatures for higher 
concentrations, indicating an increased number of shorter, 
less stable, structures as well. This unexpected result 
can again be interpreted qualitatively on the basis of the 
proposed reaction scheme. After initial helix formation, 
the residual loops and tails of the gelatin chains will be 
much shorter than the original chains (Fig. 6.7). The 
maximum helix length for intramolecular structures is one 
third of the sequence length, whereas for intermolecular 
structures it is half the sequence length (for hairpin 
elements of the triple helix) or the full sequence length 
(if the sequence is the third strand in the 
intermolecular association). Thus the intermolecular 
process favoured at higher concentrations can 
accommodate the short sequences into helical structures 
more easily than the intramolecular process dominant at 
lower concentrations, with consequent increase in the 
population of short, low-melting helices, as observed. 
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6.6. CONCLUDING REMARKS 
From this study of the initial rate of conformational 
ordering for sample LO-1, a simple set of qualitative 
assumptions have emerged which will explain both the 
kinetic observations and, to a certain extent, the 
melting behaviour of the gelatin sample. The kinetic 
results are, however, restricted to the initial period of 
the reaction and tell us little about the obviously more 
complex behaviour occurring during the later development 
of helix structure in the logarithmic stage. In the next 
chapter, the proposed model is used as a starting point 
for the development of a more quantitative, unified 
analysis of gelatin renaturation and melting processes 
by Monte Carlo simulation. 
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CHAPTER 7: MONTE CARLO SIMULATION OF GELATION AND MELTING 
INTRODUCTION 
Various theoretical treatments of gelatin gelation have 
been discussed in the Introduction to Chapter 6 but in 
spite of the fact that limited success has been achieved 
(by means of various analytical expressions), there 
still remains no overall model which can be used to 
match and predict all the observed experimental 
behaviour. The rate of helix formation, particularly in 
the latter stages of renaturation, has proved extremely 
difficult to simulate. Although Djaborouv et al. 
(1983,1985) have managed to obtain good agreement 
between measured and calculated optical rotation values, 
their calculated values have involved the use of 
phenomenological expressions which shed little light on 
the underlying changes in molecular organisation. The 
complex behaviour at longer times must result from the 
involvement of various processes (e. g. helix winding, 
helix unwinding, helix nucleation, etc. ) occurring 
simultaneously, but at different rates, during 
renaturation. Consequently, any kinetic analytical 
expression based on such events is bound to reflect this 
complexity and may ultimately be too difficult to 
deconvolute in terms of simple, identifiable molecular 
processes. 
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As a first step in overcoming these analytical 
difficulties, the hypothesis suggested at the end of 
Chapter 6 has been tested by the development of a "Monte 
Carlo" computer simulation program, using the 
assumptions as a model, to simulate the multiple 
molecular events likely to occur within a gelatin 
solution on cooling. The principle behind the Monte 
Carlo method, as the name suggests, is to treat the 
system as a "game of chance" in which simple molecular 
events can be considered in series. The likelihood of a 
particular event occurring is determined using the basic 
assumptions, whilst also taking into account the effects 
that any previous events may have had on the system. 
This type of treatment is particularly suited to 
computerisation as it involves numerous sequential 
calculations, the results of which can then be 
represented in terms of the entire system at any time by 
equating real time to the number of calculations 
performed. 
The remainder of this chapter details the development of 
a gelatin simulation program (see Appendix 1 for final 
version) and presents the results computed, with 
particular reference to the effect that different 
starting parameters can have on the simulated 
renaturation and melting curves. 
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7.2. DESCRIPTION Q-F.. SIMULATION PROGRAM 
As a first attempt at reproducing the experimentally 
observed optical rotation data, a computer program was 
developed incorporating the four assumptions arising 
from the kinetic analysis in Chapter 6 along with the 
additional assumption that subsequent helix growth is 
rapid and proceeds to the geometric limits, which would 
be reasonable if nucleation is the rate-limiting step. 
The first phase of program development to implement and 
test these postulates will now be discussed in further 
detail with emphasis on the nature of the adjustable 
parameters and algorithms used. First of all, a large 
population of chains is generated, with a Gaussian 
length distribution centred around a chosen fraction of 
the maximum chainlength (i. e. the length of an intact a 
chain). The precise number of chains is a program 
variable as is the probability [p(inter)] that helix 
formation will occur intermolecularly rather than 
intramolecularly. In each cycle of the program a chain 
(or, as discussed below, a chain segment) is selected at 
random (with the probability of selection being directly 
proportional to its length). The type of ordering to 
which the chain will be subjected 
(i. e. intermolecular 
or intramolecular helix formation) 
is then determined 
by comparing p(inter) to a randomly generated number 
(p) 
between 0 and 1. If p(inter) is greater than p 
then 
intermolecular helix formation is considered and 
if 
217 
p(inter) is less than p, intramolecular ordering is 
simulated. 
If the selected chain (or chain segment) is disordered 
(as of course it would be at the start of the 
simulation) then a point within it is chosen at random 
to simulate the position of the metastable 'hairpin 
bend' shown in Fig. 6.7. A second point is then chosen 
at random, either within the same sequence or within a 
different disordered sequence, according to the reSLIlt 
of the 'p(inter) test' described above. This second 
point is regarded as the position at which the third 
strand joins the metastable turn to form the helix 
nucleus (Fig. 6.7). The program then calculates the 
maximum possible length of the helix, assuming 
propagation to geometric limits. The various geometric 
possibilities for different relative positions of the 
metastable turn M and the point on the third strand 
(Y) are illustrated in Figs. 7.1 and 7.2 for intra- 
molecular and intermolecular nucleation, respectively. 
Also shown is the manner in which the various ordered 
and disordered chain sequence lengths were calculated. 
Once the potential helix length has been calculated, the 
stability of the helix is assessed by 
determining the 
probability of unwinding, p(un) (see 
Section 7.3) and 
again testing against a random number 
between 0 and 1. 
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If P(un) exceeds the random number, nucleation is 
considered to have failed and the program continues to 
the next cycle, leaving the chain(s) disordered. 
Otherwise the three participating strands of the helix 
are stored as ordered sequences, and any residual 
disordered loops or tails are considered as additional 
candidate sequences for helix formation in later cycles 
of the program. 
The discussion so far has considered only the case in 
which the randomly selected sequence is disordered. 
If, however, it is already ordered (which becomes 
progressively more likely as the simulation proceeds) 
then the stability of the ordered structure is tested as 
above. If p(un) is less than the random number generated, 
the program continues on to the next cycle leaving the 
helix intact; otherwise the chosen sequence and its two 
helix partners are considered to have become disordered 
and are combined with any contiguous disordered 
sequences in the same chain(s). 
The program periodically tabulates helix fraction and 
average helix length for both inter- and intra- 
molecular structures. The interval (i. e. number of 
iterations) between table entries is selected at the 
start of execution, along with the desired total number 
of iterations. When this has been completed the user has 
the option of printing out various sets of data relating 
to the simulation before either altering the program 
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variables, continuing to a larger number of iterations 
with the same program variables, or stopping. The 
printing options available include a table giving the 
number and length-distribution of inter- and intra- 
molecular helices, a simulated meltin g profile where 
residual helix-fraction is tabulated as a function of 
increasing temperature, and a table of chain sequences 
in which all the sequences are listed, with (in the case 
of ordered sequences) the locations of their helix 
partners (primarily for diagnostic purposes during 
program development). 
7.3. HELIX STABILITY TEST 
In the last section it was mentioned that the stability 
of any particular helix was assessed by determining the 
probability of unwinding, p(un), and testing this 
against a random number between 0 and 1. Initially, the 
method used to obtain p(un) involved an exponential 
function (Equation 7-1) 
p(un) =A exp(-BL) (Equation 7.1) 
in which L is the helix length and A and B are constants 
with preselected values chosen to simulate temperature. 
Using such stability criteria it was possible to 
simulate renaturation curves not dissimilar from those 
obtained experimentally and helix length distributions 
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with bimodal character (see Busnel et al., 1987; 
Appendix 2). The exponential approach, however, was by 
no means satisfactory as the equation and variables have 
no theoretical basis, the values of A and B producing 
the best fits being purely empirical. The next stage was 
therefore to develop an alternative approach using 
program variables with direct physical significance. 
A central concept in coil-helix transition theory is the 
initial formation of a helix nucleus, followed by a 
rapid propagation step with a competing back-reaction 
(t zipping and unzipping'). The interplay between these 
processes has been the subject of numerous papers (as 
reviewed by, for example, Poland & Scheraga, 1970; 
Cantor &'Schimmel, 1980), and gives rise to highly 
complex kinetic equations which in many cases have no 
analytical solution. Within the framework of the Monte- 
Carlo simulation, however, such complexity is avoided by 
simulating the forward and back reactions individually 
in different cycles of the program, and treating each as 
a simple two-state all-or-none process. Using this 
approach, the thermal stability of the helical structure 
and the overall kinetics of helix formation can both be 
analysed in terms of helix length and the difference in 
free energy between the ordered and disordered states 
(AG). 
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At the transition midpoint temperature (Tin) , AG is zero 
AG = AH - TmAS = (Equation 7.2) 
Thus the entropy change (AS) is related to the 
corresponding change in enthalpy (AH) by: 
AS = AH/Tm (Equation 7.3) 
For a helix of n residues (or, in the case of gelatin, 
n tunits' comprising a residue from each of the three 
strands), the overall value of AS is equal to nASr, 
where ASr is the entropy loss per unit. As discussed in 
Chapter 1, however, the overall change in enthalpy is 
(n-x)4Hr, where AHr is the enthalpy gain on addition of 
a further unit to the helix (and is equal to the 
experimental value, 4Hcal, from DSC) and x is the 
number of units which cannot participate in bonding due 
to end effects. The melting temperature of the helix is 
therefore related to its length by: 
Tm = AH/4S = (n-x)AHr/nASr = Tm' (n-x)/n 
(Equation 7.4) 
where Tm' is the value of Tm for a helix of 
infinite 
length (i. e. as (n-x)/n ->- 1). 
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The value of x (which controls the co-operativity of the 
transition) is specified directly at the start of the 
program and Tm" (reflecting the balance between 
entropy loss and enthalpy gain on addition of a unit to 
the helix) is defined by an estimated value for the 
melting point of native collagen (Tc). Taking the 
number of residues per a chain as 1000, Tc can be 
converted (Equation 7.4) to the corresponding value of 
Tm' for the current value of x by: 
Tm' = 1000 Tc/(1000 - (Equation 7.5) 
The thermal stability for each helix length (n) can then 
be defined by the equilibrium constant (K) between the 
disordered and ordered states, using the standard 
relationship: 
A, G = RT ln K (Equation 7.6) 
where R is the gas constant. (The usual negative sign 
in 
this equation is omitted as AG is defined 
in terms of 
the forward reaction, i. e. helix-coil and K in terms of 
the reverse reaction i. e. coil-helix). 
From Equations 
7.2 and 7.3: 
AG = AH - TAS = AH - TAH/Tm = 
AH(Tm-T)/Tm 
(Equation 7.7) 
Thus ln K= nAHcal (Tm-T)/RT Tm 
(Equation 7-8) 
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K is calculated using the value of Tm for each n, 
derived as described above (Equation 7.4), and the 
enthalpy change per helical unit (AHcai ), which is 
specified at the start of the program. 
The probability of unwinding, p(un), can be defined as 
the proportion of residues in the disordered form at 
temperature Tq and is therefore related to K by the 
simple expression: 
p(un) = 1.0/(K + 1.0) (Equation 7.9) 
As described in the previous section, this stability 
test is applied (by comparison of p(un) with a random 
number between 0 and 1) to decide whether a new helical 
sequence is sufficiently long to be stable at the 
current temperature and whether or not existing helical 
sequences will be unwound. The section of the program 
which determines the melting profile utilizes the same 
equations to determine residual helix fraction as a 
function of temperature. 
The results obtained using the program with the five 
initial assumPtions and the stability test described 
above, will now be illustrated and discussed. 
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7.4. INITIAL RESULTS FROM THE__ SIMULATION PROGRAM 
The adjustable parameters discussed above are tabulated 
in Table 7.1 along with the corresponding names for 
these variables in the Fortran listing (Appendix 1) and 
typical values used when running the program. The 
calorimetric enthalpy and melting point of collagen 
should ideally be fixed at the appropriate values for 
the gelatin whose behaviour is being simulated. However, 
such precise data is not available and so these two 
parameters were varied within realistic limits (see 
Table 7.1). The maximum number of iterations has to be 
large enough to allow each chain to be randomly 
selected several times if the effects of annealing, in 
the later stages of renaturation, are to be simulated. 
The results obtained under typical running conditions 
are illustrated in Fig. 7.3 as a plot of helix fraction 
versus number of iterations for simulated quench 
temperatures of 25*C and 5*C; the details of the other 
parameters used are indicated on the plot. The graph 
shows what was found to be a common trend for all 
variations of the parameters, namely, that the helix 
fraction obtained at high temperature was almost as 
great as that obtained at low temperature, which 
is 
clearly inconsistent with the experimental 
data. 
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The inadequacies of the initial assumptions are further 
demonstrated by the simulated melting profiles. As shown in 
Fig. 7.4, the maxima in the profiles obtained for simulated 
quench temperatures of 5*C and 25*C are both at virtually 
the same positiong with only slight skewing to lower 
melting temperatures for the much lower quench temperature, 
again completely at variance with experimental behaviour. 
An alternative way of envisaging these results is that, 
at both temperatures, large populations of long helices 
are formed which are then stable to high temperatures, 
thereby eliminating the chance of the formation of short 
helices which would have lower melting temperatures. 
These simulated results were unexpected and posed the 
question of why such long ordered sequences should be 
formed, even at low temperatures. The answer was, of 
course, that propagation to geometric limits allows the 
formation of long stable helices, regardless of the quench 
temperature. The result of this effect was that the 
program did not allow any significant annealing-in of 
longer helices with increased holding temperature as 
envisaged. In order to overcome this problem, the assumption 
that propagation continued to the geometric 
limits had 
to be rejected and replaced by some other criterion 
which stopped or delayed propagation, 
thereby allowing 
shorter helices to form. 
The program modification and 
the theoretical basis of the new assumptions 
is 
discussed in the next section. 
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Table 7.1. Adjustable parameters used in the simulation program, 
with their corresponding names in the Fortran listing 
and typical values used. 
PARAMETER FORTRAN NAME TYPICAL VALUES 
USED 
NUMBER OF NCT 100-1000 
CHAINS 
NUMBER OF MAX IT 100-300000 
ITERATIONS 
ITERATION NTAB SUITABLE FRACTION 
INTERVAL OF MAXIT 
p(inter) PINTER 0-100 
(USUALLY 10) 
Tr TMAX 36-400C 
&Hcal DHCAL 12-16 kJ/mol 
x XNUC 1-4 
CHAINLENGTH RLMIN 0-1 
DISTRIBUTION 
SIMULATION TC 5-300C 
TEMPERATURE 
u 
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7.5. HELIX SIZE LIMITATIONS 
As discussed in Chapter 1, the energy differences between 
the cis and trans forms of imino residues are much 
smaller than in other amino acids, due to the secondary 
amine structure. This lower energy difference causes a 
larger proportion of the residues to exist in the cis 
configuration, the geometry of which is incompatible 
with ordered packing into the collagen triple helix 
structure. Isomerisation of these 'cis kinks' must 
therefore take place if helix propagation is to continue. 
Studies of the renaturation of collagen samples in which 
the three strands are linked together covalently, thus 
eliminating the nucleation step in helix formation, 
indicate that the cis-trans isomerisation process can 
dominate the overall rate of helix propagation 
(BAchinger et al., 19789 1980). The renaturation 
process shows two distinct phases: a very rapid phase 
corresponding to 'zipping up' of helices to the first 
cis 'kink' followed by a much slower process with a 
rate constant closely similar to those measured for 
cis-trans isomerisation in model peptides (Cheng and 
Bovey, 1977). For collagen fragments with short, 
truncated chains (which have a low probability of 
including an imino residue in the cis form) the rapid 
phase is dominant, but renaturation of 
intact collagen 
follows the kinetics of the slow isomeris4tion process 
over virtually the entire transition. 
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mechanism involving such behaviour would be capable 
of producing the shorter, less stable helices required 
in the simulation program. On reaching a cis peptide 
group propagation would effectively stop while 
cis-trans isomerisation was occurring, and during 
this period further nucleation within the same chain(s) 
could take place, thereby reducing the effective maximum 
helix length attainable when the cis-trans barrier was 
surmounted. Alternatively the shorter triple helix 
sequence could be unstable and unwind before the cis- 
trans barrier was overcome. 
Incorporation of the cis-trans isomerisation effect 
into the program was achieved by the use of two further 
program parameters: PKINK, the probability of the 
occurrence of a 'cis kink' and PTRANS, the likelihood 
of such a barrier being overcome. Consider propagation 
of a helix in terms of the three chain sequences 
involved. In order to increase the length by one unit, 
three residues (one from each chain sequence) must become 
ordered, and as the imino acids contribute approximately 
a third of the total composition, this means that, on 
average, an increase in helix length of one unit 
involves ordering one imino acid group. PKINK can 
therefore be regarded as the probability that the next 
imino residue to be ordered during propagation 
is in the 
cis configuration and (1-PKINK) as the probability 
that 
the next imino residue is in the 
trans configuration. 
233 
Thus the probability (p) that all imino residues up to 
the n'th imino residue added to the helix are in the 
trans form is given by: 
(1-PKINK) (Equation 7.10) 
which can be rewritten in logarithmic form as: 
n= log p/log (1-PKINK) (Equation 7.11) 
The cis-trans isomerisation test was incorporated into 
the section of the program which calculates helix length. 
After deriving the maximum possible helix length using 
the 'geometric limits' criterion, the program proceeds 
by generating a random probability p, and then uses 
Equation 7.11 and the value of PKINK to determine n, 
which is considered as the helix length to the first 
ecis kink'. The program then considers the probability 
of surmounting the cis-trans barrier by generating a 
random number between 0 and 1 and testing it against the 
value assigned to PTRANS. If PTRANS is greater than the 
random number it is assumed that the 'cis kink' has 
been overcome and the cycle involving PKINK is repeated 
to further increase the helix length until the PTRANS 
test finally fails. 
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If the 'cis-limited' helix length is greater than the 
tgeometrically-limited' helix length then the program 
continues as previously, using the geometric value. If, 
however, the cis-limited length is smaller (as is 
usually the case) it is then regarded as the length of 
helix formed. Figs. 7.5 and 7.6 show the way in which 
the disordered and ordered chain sequence lengths are 
calculated in the case of cis-limited helix formation 
for intra- and inter-molecular nucleation respectively. 
PKINK is theoretically the equilibrium constant, K, 
between the trans and cis forms, and as such should 
ideally be fixed at a known, experimental value. 
However, as values of K varying between 0.03 and 0.666 
have been quoted for model peptides containing proline 
and hydroxyproline (BAchinger et al., 1980) PKINK has 
been varied within these limits during computer 
simulation. PTRANSt the probability of overcoming a 
tcis kink', has also been varied and in real systems 
would obviously be related to the rate constant for 
cis-trans isomerisation. However, although PKINK and 
PTRANS aret in principle, completely unrelated 
parameters, on further consideration it has become 
evident that, within the simulation, the 
two are 
behaving mathematically in the same manner 
(i. e. 
restricting the length of the 
helix) and for this reason, 
in some of the later results presented, 
PTRANS has been 
set at zero and PKINK used as 
the only variable. 
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Now that the program has been described in its entirety, 
the effect of varying all the different parameters will 
be discussed and simulation results compared with 
results obtained experimentally. 
7.6. EFFECT OF VARYING PARAMETERS 
The parameters listed in Table 7.1 along with PKINK and 
PTRANS are the variables which will now be discussed in 
terms of the effect they have on simulated helix 
regeneration and melting profiles. Table 7.2 lists the 
'target values' of experimental helix fractions and 
melting temperatures, obtained using a 20 mg ml- I LO-1 
sample cured for a long period of time at, and melted 
out from, various holding temperatures. 
7.6.1. Parameters Having Minimal Effect on Simulations 
The value used for the calorimetric enthalpy (AHcal ) 
was obtained from experimental DSC curves produced from 
melting gels of known total helix fraction (from optical 
rotation) and gelatin concentration. The enthalpy of 
the transition was calculated from the DSC melting 
profiles as discussed in Section 3.4 and converted into 
a value in kJ mol- I of residues using an average value 
of 100 for the molecular weight of an amino acid 
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residue. (The enthalpy change per residue was multiplied 
by 3, for simulation purposes, as the program deals in 
terms of the enthalpy change per tripeptide unit). 
Initial determinations of helix fractions and hence 
AHcaj. were later found to be slightly erroneous as the 
temperature-dependence of optical rotation in the sol 
state had not been taken into account during these 
calculations. Consequently, the value calculated for 
AHcai initially (12.8 kJ mol-I ) and used throughout 
the simulation runs was approximately 2 kJ mol- I 
below the true value. However, for comparative 
purposes, the value of 12.8 kJ mol-I has also been 
maintained in the majority of later simulations, 
particularly as it was shown (Fig. 7.7 a, b) that the 
effect of a small variation in 4Hcal has a negligible 
effect on the simulated renaturation and melting curves. 
The variable p(inter) was written into the program to 
enable simulation of different gelatin concentrations 
(by altering the relative proportions of inter- and 
intra-molecular nucleations) but, as illustrated in 
Fig. 7.8, p(inter) has a negligible effect on the shape 
of the renaturation curves. This result is not 
surprising since, although p(inter) was envisaged as a 
method of simulating concentration, this is only 
partially the case. In a real system a 
decrease in 
concentration must result in a 
decrease in the number of 
collisions causing helix nucleation; 
this effect will 
not be simulated by a decrease 
in p(inter) which 
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dictates only the type of nucleation occurring, with the 
number of collisions (i. e. in simulation terms, the 
number of iterations) being the same for all values of 
p(inter). The value of p(inter) does, to a certain 
extent, however, reflect the effect of increased gelatin 
concentrations on the experimental melting profiles of 
gelatin gels, as can be seen from Fig. 7.9 showing the 
simulated melting profiles after 300,000 iterations at 
20 "Cf or p(inter) values of 0.1,1 and 10. An increase 
in concentration favours the intermolecular process, 
which in turn should favour the development of more, 
larger, thermodynamically stable helices than the 
intramolecular process dominant at lower concentrations 
(as discussed in Section 6.5). It therefore follows 
that, particularly for higher renaturation temperatures, 
a larger proportion of helices melting at higher 
temperatures should be formed at high gelatin 
concentrations than at low gelatin concentrations. This 
anticipated behaviour is indeed observed, as an increase 
in size of the melting peak corresponding to the 20*C 
quench temperature, both for experimental curves 
in 
which concentration is increased 
(Fig. 7.10) and for 
simulated curves in which the value of p(inter) 
is 
increased (Fig. 7.9). 
Because much of the experimental work reported was 
performed on gels of concentration 
20 mg ml-I (a 
concentration at which, according 
to Fig. 6.6, the 
intermolecular nucleation process 
is dominant) 
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p(inter) = 10 was estimated to be a reasonable value 
for the majority of attempts at simulating the 
experimental behaviour. 
Another program parameter requiring some discussion is 
the number of chains in the simulation. This has to be 
large enough to give a statistically-reasonable 
representation of the gelatin molecules in solution. 
However, if too large, the time required to run the 
program becomes excessive, and consequently a compromise 
of between 100 and 1000 chains was generally used. The 
use of a smaller number of chains, while not giving a 
very accurate representation of the gelatin system, was 
often adopted during program development and testing to 
obtain sensible limits for the other program variables 
without the inconvenience of lengthy run times. 
The final parameter to be considered in this section is 
the chainlength distribution. This should ideally be a 
true representation of the length distribution for the 
gelatin whose behaviour is being simulated. However, as 
such precise data was not available, a Gaussian 
chainlength distribution, centred around a chosen 
fraction of the length of an undegraded a chain (in most 
cases one half) was utilised. 
The parameters discussed above were program variables 
or experimental values obtained from the work presented 
previously which have only a minimal effect on the 
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outcome of simulation attempts. In the next section, the 
four remaining variables, having the most significant 
effect on the results from the simulation, are 
considered. 
7.6.2. Dominant Parameters 
In Section 7.3, during the discussion of the helix 
stability test, a parameter x was defined representing 
the number of units (i. e. three amino acid residues, one 
from each chain) incapable of participation in bonding 
as a result of end effects. Values of x (varying 
between 1 and 4) have been used to observe the effect of 
the- parameter on simulated helix fractions and melting 
profiles. Qualitatively, increasing x decreases helix 
stability (by reducing. the proportion of residues 
contributing to the bonding scheme), especially in 
shorter helices where end effects become particularly 
significant. The length distribution of helices 
generated in the simulation can be increased by 
increasing the parameter PTRANS (which defines the 
probability of helix propagation beyond 'cis kinks'), 
giving a means of offsetting the destabilising effect of 
high values of x. The interplay between these two 
parameters is explored in Figs. 7.11 and 7.12. 
Fig. 7.11a 
illustrates the effect of an increase in PTRANS on the 
simulated melting point for various values of x. 
In this 
plot the simulation was carried out over 
300,000 
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iterations and at a quench temperature of 50C. The 
'target value' of the melting point obtained from 
optical rotation measurements is also shown on the plot. 
The graph illustrates that, as expected, an increase in 
PTRANS causes the melting point to increase and also 
that an increase in x causes a reduction in the 
simulated melting point. Consequently, various 
combinations of x and PTRANS are capable of producing 
simulated melting points with values the same as those 
obtained experimentally. However, the helix fractions 
generated after a large number of iterations, under 
conditions producing the best simulated melting points, 
are considerably larger than the experimental helix 
fractions after long periods of time at the quench 
temperature. In fact, in contrast to the melting points, 
only small values of PTRANS combined with high values of 
x. are capable of producing the experimentally-observed 
helix fractions (Fig. 7.11b). Similarly, at quench 
temperatures of 25*Ct the target values for melting 
points are best achieved using low values of x (Fig. 
7.12a), while the helix fraction target values require 
high values Of X (Fig. 7.12b). 
The simulated helix fractions are also dependent on the 
value of PKINK and the melting point of the parent 
collagen (Tc ) and, using these two parameters, 
it is 
possible to match the experimental and simulated 
helix 
fractions for any reasonable value of x. However, 
lower 
values of x appeared to 
be required to match simulated 
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melting points with experimental values for the same 
quench temperatures. 
A further indication favouring lower values of x came 
from the co-operativity of the simulated melting 
transition which, as shown in Fig. 7.13, became 
considerably sharper for larger values of x. In real 
gelatin systems, the transition is not so sharp (see 
Chapter 5), and consequently large values of x appeared 
unlikely, with a value of x=1 producing melting 
profiles most similar in shape to those obtained 
experimentally. 
Theoretically, a value of x=1 would also be reasonable 
when considering the hydrogen bonded structures proposed 
for the collagen triple helix (see Fig. 2.5). In these 
structures there is one hydrogen bond per unit, except 
for the last unit in the helix which is incapable of 
participation in hydrogen bonding (thereby indicating a 
value of x= 1) - 
value of x=1 was therefore adopted, leaving three 
parameters, PTRANS9 PKINK and Tc as the only 
significant variables. As discussed 
in Section 7.5, 
however, PKINK and PTRANS can be regarded, for 
simulation purposes, as behaving mathematically 
in the 
same manner. For this reason 
PTRANS was set to zero and 
PKINK used as the only variable simulating 
the effect of 
I cis kinks' - 
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The effect of PKINK on simulated helix fractions and 
melting temperatures at various quench temperatures is 
illustrated in Figs. 7.14,7.15,7.16 and 7.17 for Tc 
values of 36,37,38 and 39*C, respectively. The values 
of the other program parameters are indicated on the 
plots. The plots all show the same general trend, with 
values of PKINK in the region of 0.10 to 0.17 giving 
helix fractions and melting temperatures similar to 
those observed experimentally. For Tc = 36*C (Fig. 7.14), 
the values of PKINK necessary to produce the target 
helix fractions and melting points span quite a broad 
range, from 0.08 for the target melting point at 25*C to 
0.17 for the target helix fraction at 5*C. Howeverg with 
increasing Tc , the span of PKINK required to produce 
the target values for all quench temperatures and helix 
fractions decreases (as shown in Figs. 7.15 and 7.16 
for Tc = 37 and 38*C, respectively) before beginning 
to increase again (at Tc = 39*C; Fig. 7.17) due to the 
high values of PKINK required to achieve the target 
melting temperatures. 
The combination of Tc and PKINK that produces the 
best 
simulations of both experimental helix 
fractions and 
melting temperatures therefore consists of a 
Tc 
between 37*C and 38*C and a value of PKINK somewhere 
in 
the range 0.14 - 0.17. This value of 
PKINK can be 
regarded as the lower limit for 
the trans-cis 
isomerisation equilibrium constant as a result of 
PTRANS 
2S3 
being set to zero. Ifo however, in a real system the 
probability of overcoming a 'cis kink' is not zero 
then the true value of the trans-cis equilibrium 
constant would be somewhat higher. 
The simulated helix regeneration curves and melting 
curves for quench temperatures of 6,15,20 and 25*C, 
using a value for PKINK of 0.15 and a melting point for 
collagen of 38*C are presented in Figs. 7.18a and b, 
respectively. Also shown are the experimental helix 
regeneration curves (Fig. 7.19a) and melting curves 
(Fig. 7.19b) for the same quench temperatures, obtained 
from optical rotation measurements. There is clearly 
excellent agreement between the simulated and 
experimental results. Not only are the maxima of the 
melting profiles at approximately the same temperature, 
but also, the sizes and shapes of the peaks correspond 
closely. In the plots of simulated helix regeneration, 
where the number of iterations is considered as 
representing time, there is also agreement in general 
shape and features between the experimental and 
simulated results. The discrepancies between the two 
generally occur at short times (or low numbers of 
iterations) and can easily be explained. 
In the real system, nucleation and helix growth can 
occur simultaneously in all of the chains, as soon as 
the quench temperature is reached, thereby giving rise 
to much larger helix fractions in the 
initial stages 
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than can be simulated in the Monte Carlo programg which 
i's capable of ordering only one chain at a time. In the 
later stages of renaturation, however, where the 
annealing-in of structures has a greater effect, there 
is extremely good agreement between the simulated and 
experimental renaturation curves. This is particularly 
encouraging, since in previous studies the long-time 
aging process has been the most difficult part of the 
renaturation curve to simulate. 
Finally, not only has the simulation program been 
capable of reproducing the helix fractions and melting 
%I curves observed experimentally 
for samples quenched from 
the sol state to specific temperatures, but also it has 
been able to reproduce the melting behaviour of gels 
formed by holding for a period of time at some 
intermediate temperature prior to cooling to the final 
quench temperature (i. e. the biphasic melting behaviour 
discussed in Chapter 5). 
This is illustrated in Fig. 7.20 for simulated 
renaturations involving 300,000 and 80,000 iterations at 
25*C followed by a further 300,000 iterations at 5*C. 
The values of all the other program parameters are 
indicated on the plot. The melting profiles are very 
similar to those observed experimentally 
(Fig. 7.21) for 
gels cured at 25*C for varying lengths of 
time followed 
by 16 hours at 5*C, further emphasizing the quality of 
results attainable from the simulation program. 
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7.7. CONCLUSIONS 
A Monte Carlo simulation program has been developed 
which is capable of reproducing most of the 
experimentally-observed phenomena associated with 
gelatin gelation and melting. 
Initial attempts at simulation, assuming random 
nucleation of helices at any point within the chain and 
subsequent helix winding to the maximum geometric helix 
length, has been shown to be an unsatisfactory model. 
This is because the helices produced under such 
circumstances are too stable (i. e. too long) and as such 
are not affected by the temperature chosen for 
renaturation, giving helix fractions and melting points 
inconsistent with experimental values, irrespective of 
the renaturation temperature. 
However, introduction of a parameter (theoretically 
associated with the likelihood of amino acid residues 
existing in the cis rather than the trans 
configuration) to allow multiple nucleations within the 
same chain, by limiting the helix lengths attainable, 
produced simulated results which were in -excellent 
agreement with experimental results. 
The program uses simple thermodynamics to assess 
the 
stabilities of helices generated, thereby enabling 
both 
melting curves and, to a certain extent, renaturation 
264 
curves to be simulated with the use of known 
experimental parameters in conjunction with 'sensible 
values' for other experimentally undetermined 
parameters. 
From the simulation results a value of x (the number of 
units which cannot participate in bonding due to end 
effects) equal to 1 has been identified as the most 
appropriate value, which is also consistent with various 
proposed models for the collagen triple helix. 
Furthermore, the simulated results produce the best 
agreement with experiments for collagen melting 
temperatures of 37-38*C and PKINK (the lower limit of 
the equilibrium constant for the trans-cis 
isomerisation) in the range 0.14 to 0.17. 
4 
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CHAPTER 8-. SUMMARY AND CONCLUSIONS 
From this study of gelatin gelling and melting phenomena, 
numerous results of interest have arisen. The detailed 
examination of the melting behaviour presented in Chapter 5 
clearly illustrates the critical importance of curing 
temperature in controlling the properties (i. e. gel strength, 
melting temperature) of the gels produced. Indeed, the 
melting behaviour of any gel produced is specific for the 
particular temperature at which it is formed. Curing at 
higher temperatures produces gels in which the triple helix 
junction zones are of increased thermal stability compared to 
those produced by curing at low temperature. This increased 
stability is attributed to an increase in the average length 
of the helical sequences formed at higher temperatures over 
those formed at lower temperatures, particularly as the 
experimental results gave no indication of other possible 
stabilisation mechanisms such as aggregation of helices or 
specific residue interactions within the helical structure. 
Furthermore, the melting temperatures corresponding to 
specific temperatures of gel formation were found to be 
approximately the same for all the gelatin samples 
investigated, a result anticipated from the proposal that 
stability is determined by helix length, as this would, to a 
first approximation, be independent of sample type. 
Curing at high temperatures before cooling to lower 
temperatures results in gels with considerably higher storage 
moduli than those formed by curing only at 
low temperature, 
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even though the helix fraction and size of the endothermic 
melting peak are approximately the same for the two cooling 
regimes. This result appears to conflict with the proposal 
of longer helices causing increased melting points, as longer 
helices would of necessity imply fewer helices, which in turn 
might be expected to give lower values of rigidity. Howevert 
studies of the initial rate kinetics of the renaturation 
process (Chapter 6) showed two different mechanisms for 
conformational ordering. At low concentration the process 
was first order, consistent with a unimolecular reaction, 
whereas at higher concentrations, a second order process was 
found to be superimposed on the first order process. It is 
presumed that the first order reaction is a result of reverse 
folding of gelatin chains intramolecularly (a process which 
would not significantly alter the rigidity modulus) while the 
second order process, involving two chains and initiated at a 
13 bend (or similar tight turn), is responsible for network 
formation. The maximum length of intermolecular helices is 
greater than that for intramolecular ordering (half and one 
third of the total chainlength, respectively), introducing a 
selective bias towards intermolecular association at higher 
temperatures, where only long helices are stable. 
Consequently, the network forming capabilities of the system 
would be enhanced by holding at higher temperatures, thus 
reconciling the initially conflicting observations discussed 
above. 
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A "Monte Carlo" simulation program based on the reaction 
scheme proposed from the kinetic results, was developed to 
simulate the events occurring in gelatin gelation and 
melting. The program uses simple thermodynamic criteria to 
assess the thermal stability of helices according to their 
length, thereby simulating the effect of temperature on the 
helix population. The results obtained during program 
development did not support the initial assumption that helix 
propagation proceeds to geometric limits. An alternative 
proposal that helix length is limited by the rate of cis- 
trans isomerisation of peptide bonds gave simulated 
renaturation curves of the same general shape as those 
obtained experimentally, with realistic values for the 'final 
helix fraction' at different temperatures. The melting 
profiles of these simulated helix populations showed 
excellent agreement with experimental results from optical 
rotation, and the bimodal melting behaviour : observed by 
differential scanning calorimetry for samples held for a long 
period of time at some higher temperature before final aging 
at 50C, were also reproduced in the computer model. 
In conclusion, therefore, virtually all aspects of 
the 
experimental results could be reproduced using 
the simulation 
program, thereby validating the assumptions 
'made within the 
program, and offering a reasonable 
interpretation of the 
events occurring during gelatin gelation and melting. 
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APPENDIX 1. FORTRAN LISTING OF PROGRAM 
DIMENSION RL(50000)tNC(50000)oMATE(2950000)oND(50000) 
DIMENSION END(50000)PDEND(50000)#F(7)oR(7) 
j DIMENSION RLH(3v5O)9IH(3)pIHC(3) COMMON NSTpRLOC911ATE 
COMMON /COIL/XNUCITMAXgDHCAL 
CHARACTER*15 FILE1 
DATA IYES/'Y*/ 
IDIM=50000 
TOL=0.0005 
C ------------------------------------------------------------------ 
C SEEDS "RAN" FUNCTION AND READS IN "SAMPLE" CONDITIONS 
C 
10 WRITE(6920) 
20 FORMAT(///#' GIVE ME A5 FIGURE NUMBER PLEASE s) 
READ(5p--V-)ISEED 
15 IP=241-ISEED+l 
WRITE(6t22) 
22 FORMAT(/, ' WHAT VALUE OF XNUC ? 'I) 
REAO(5q*)XNUC 
WRITE(6t23) 
23 -FORMAT(/t' WHAT VALUE FOR PKINK ? vs) 
READ(5t*) PKINK 
t WRITE(6924) 
24 FORMAT(/t' PROBABILITY OF OVERCOMING CIS KINK ? 'S) 
READ(5t*) PTRANS 
WRITE(6926) 
26 FORMAT(/9' TM FOR NATIVE COLLAGEN (C) ? 'S) 
REAO(5tXt) TMAX 
WRITE(6t28) 
28 FORMAT(/t' ENTHALPY CHANGE PER TRIPEPTIDE (KJ/MOL) VS) 
READ(5t*) OHCAL 
WRITE(6930) 
-30 FORMAT(/9' REL. PROBABILITY OF INTERMCLECULAR ASSOCIATION? 
READ(5t-r)PINTER 
PIN=PINTER/(1.0+PINTER) 
WRITE(6135) 
FORMAT(/9' NUM3ER OF CHAIIIS ? 
READ(59") NCT 
WRITE(6#40) 
40 CHAINLENGTH C)ISTRIBUTIONoMIN/MAX(RANGE 0 TO 1) 7 'S) FORMAT(/9' 
-- REAO(59*) RLMIN 
WRITE(6942) 
-42- OUTPUT FILENAME 7 FORMAT(/t' 
REAO(5t44) FIL-21 
44 FORMAT(A15) 
'NEW') 0PEN(UNIT=3OqFILE=FILEltSTATUS= 
-7 C------------------------------------------------------------------------- - - C CALCULATES CHAINLENGTH DISTRIBUTION AND INITIALISES ARRAYS 
c 
1.1 =4 
RLT=U-0 
DO 65 I=lpNCT 
5o P=RAN(IP) r; IF(P. LT. O. 93999) GOTO 55 
RL(II-0 
GOTO 60 
55 O-P))/M)+0.5 RL(I)=(ALOGl0(P/(l 
IF(RL(I). LT. O. 0) RL(I)=O-g 
IF(RL(j). GT. I. 0) RL(I)r-1-0 
60 RL(I)=RLMIN+(1-0-RLMIN),! RL(I) 
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IF(RL(I). E-; J. 0-0) GOTO 50 
65 RLT=RLT+RL(I) 
0LTRLT 
N5TNCT 
NDTNCT 
DO 70 I=19NCT 
NC(I)=I 
MATE(19I)=O 
MATL(29I)=O 
IF(I. GT. 1) ENO(I)=ENO(I-1)+RL(I) 
ND(I)=I 
70 DEND(I)=END(I) 
00 75 I=197 
75 R(10.0 
WRITE(30985)RLT 
WRITE(6j85)RLT 
85 FORMAT (/o' TOTAL CUMULATIVE CHAINLENGTH (RLT)= '9F10.4) 
WRITE: (6980) 
80 FORMAT(/9' TABLE OF CHAINLENGTHS ? 
READ(5990) IRES 
90 FORMAT(Al) 
IF(IRES. NE. IYES) GOTO 100 
CALL LENGTH(NCTgRLtRMIN) 
C -- ------------------------------------------------------------------ 
C READS IN RUNNING CONOITIONS AND PRINTS TABLE HEADING 
C 
100 WRITE(69110) 
110 FORMAT(/t' TEMPERATURE (C)? '$) 
READ (591 ") TC 
TK=TC+273.2 
IT=0 
MAXOLu=O 
115 WRITE(69120) 
120 FORMAT(/q ' NUMBER OF ITERý', TIONS 9OR 0 FOR CONVERGENCE TEST ? 'S) 
READ( 5 9*)MAXIT 
MAXIT=MAXIT+MAXOLD 
WRITE(69122) 
122 FORMAT(/#' ITERATION INTERVAL FOR TABLE ? 
READ(501-) NTAB 
WRITE(6tlZ5) MAXITtTCgTMAXgXNUCgNCToRLMINoPINTERgPTRANS9 
+ DHCALqISEEO 
WRITE(309125) MAXITgTCgTMAXoXNUCoNCTtRLMINgPINTERgPTRAýiSt 
+ DHCALqISEE: D 
125 F. ORMAT('lMAXIMUM NUMqER OF ITERATIONS 'q21('. ')v17q 
+ QUENCH TEMPERATURE (C) 'v27('-')oF5.19 
+ TM FOR NATIVE CCLLAGEN (C) 'q23('. *)jF5.1q 
+ NUCLEATION LENGTH (XNUC) 'p25(*. ')9F5.2q 
+ NUMBER OF CHAINS '933(*. ')tI5# 
+ CHAINLENGTH DISTRIF! UTION (MIN/MAX) vl5('. ')vF5.29 
+ RELATIVE PR05ABILITY OF INTERMOLECULAR ORDER rq5('. ')qF6.2q 
+ PRUýABILITY OF OVERCOMING CIS KINK'-. 'q15('. ')jF5.29 
+ E14THALPY CHANGE PER TRIPEPTIDE (KJ/MOL) 910('. ')9F6.29 
+ SEED FOR RANDOM NUMBER GENERATOR q17('. ')oI6) 
WRITE(69127) 
WRITE(309127) 
127 ERATION RESULTS') FORMAT('lIT, 
WRITE(6P130) 
WRITE(30#130) 
130 FORMAT(// 9 25X p 'AVERAGE NUM5ER OF HFLIC-A'L 
AVERAGE HELIX 
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+9 PLENGTH'q /t ' NUMBER OF HELIX'99X9'SEQUENCES PER CHAIN'96X 
+ 9'(RELATIVE TO LMAX OF 1000)'9/93Xt'CYCLES FR ACT I ON '9 5X 
+0 'TUTAL INTRA1NTER OVERALL INTRAINTER'9 
c------------------------------------------------------------------------- 
C SELECTS SEQUENCE AND PPOCESS 
C 
150 P=RAN(IP) 
P=P, 'RLT 
I 
160 11+1 
IF(END(I). GE. P) GOTO 170 
GOTO 160 
170 IF(MATE(lil). NE. 0) GOIO 400 
P=RAN(IP) 
IF(PIN. GT. P) GOTO 250 
C------------------------------------------------------------------ 
C ORDERING WITHIN A SINGLE CHAIN SEQUENCE 
C 
C NUCLEATES HELIX AND TESTS FOR STABILITY 
C 
180 P=RAN(IP) 
X=P-I': RL(I) 
P=RAN(IP) 
Y=P-IRL(I) 
NCASE=1 
IFCX. LE. Y. AND. X. GT. C(Y-X)/2.0)) NCASE=2 
IFCX. GT. Y. AND. (RL(I)-X). LE. ((X-Y)/2.0)) NCASE=3 
tj r IF(X. GT. Y. Aý10. (RL(l)-X). GT. ((X-Y)/2-0)) CASE=4 
IF(NCASE-EQ-1) HL=X 
IF(NCASE. EQ. 2) HL=(Y-X)/ý-0 
IF(NCASE. EQ. 3) HL=RL(I)-X 
IF(NCASE. EQ. 4) HL=(X-Y)/2.0 
RN=HL*1000-0 
LITTLE=0 
RNCIS=0-0 
165 P=RAN(IP) 
EXTRA=ALOG(P)/aL3G(l. 0-PKINK) 
Ri'JCIS=RNCIS+EXTRA 
IF(Rt4CIS. GT. RN) Gi3TJ 185 
P=RAN(IP) 
IF(PTRANS. GT. P) GOTO 165 
LITTLE=1 
HL=RNCIS/1000-0 
'IS R IN =R NC 
185 PUN=PCOIL(RNgTK) 
P=RAN(IP) 
IF(PUN. GT. P) GOTO 500 
C----------------------------------------------------------------- 
C SUCCESSFUL INTRAMOLECULAR NUCLEATION 
C 
IF(LITTLEE-EQ. 1) GOTO 225 
CALL OPEN(I94) 
DO 190 K=194 
HATE(lp(I-K))=0 
MATE(Zt(I-K))=0 
190 r4C(I-K)=NC(I) 
GOTO 200 IF(NCASE. EQ. 2) 
IF(PiCASE. EQ. 3) GOTO 210 
IF(NCASE. EQ. 4) GOTO 220 
RL(I-2)=Y-3.0'rX 
290 
RL(I)=RL(I)-Y 
KI-1 
LI-3 
MI-4 
GOTO 230 
200 RL(I-4)=((3.0,, X)-Y)/2 0 . RL(I)=RL(l)-Y 
KI-1 
LI-2 
MI-3 
GOTO 230 
210 RL(I-4)=Y 
RL(I-Z)=(3-0*X)-(2.0*RL(l))-Y 
KI 
LI-1 
MI-3 
GOTO 230 
220 RL(I-4)=Y 
RL(I)=RL(j' L)-(((3.0", X)-Y)/2.0) 
K=I-1 
L=I-2 
f4=I-3 
GOTO 230 
225 CALL OPEN(I95) 
00 235 K=195 
MATE(1, (I-K))=O 
MATE(29(I-K))=O 
235 NC(I-K)=NC(l) 
IF(X. GT. Y) GOTO 240 
RL(I-5)=X-HL 
RL(I-2)=Y-X-2.0*HL 
RLCI)=RL(l)-Y 
KI-1 
LI-3 
MI-4 
GDTO 230 
240 RL(I 5Y 
RL(I-3)=X-Y-2.0ý'HL 
RL(I)=RL(I)-X-HL 
KI-1 
LI-2 
MI-4 
GOTO 230 
c ------------------------------------------------------------------ 
C ý-NCE S CREATLS NEW HELICAL SEQUý 
c 
230 RL(K)=HL 
RL(L)=HL 
RL(M)=HL 
MATE(loK)=L 
MATE(290=4 
MATE(19L)=K 
MATE(2#L)=M 
MATE(19M)=K 
MATE(29M)=L 
GOTO 450 
C ------ ----------------------- 
C INTERMOLECULAR ORDERING 
250 IF(NOT. Lq^i. l) GOTO 180 
291 
260 P=RAN(IP) 
P= PIT-DLT 
K=O 
270 K=K+1 
IF(DEND(K). LT. P) GOTO 270 
IF(NO(r, ). EQ. I) GOTO 260 
J=N0(K) 
C ------------------------------------------------------------------------- 
c FOUND A PARTNER 
c 
c NOW NUCLEATE HELIX AND TEST FOR STAaILITY 
C 
P=RAN(IP) 
X=P, ýRL( I) 
P=RAN(IP) 
Y=P-14RL(J) 
NCASE=5 
IF(Y. LT. X. AND. Y. LT. (RL(I)-X)) GOTO 280 
NCASE=6 
IFCX. GT. (RL(l)-x)) NCASE=7 
280 IF(NCASE. EQ. 5) HL=Y 
IF(NCASE. EQ-6) HL=X 
IF(NCASE. EQ. 7) HL=RL(I)-X 
RN=HL, l 4,1000.0 
LITTLE=O 
RNCIS=0.0 
265 P=RAN(IP) 
l--XTRA=AL0G(P)/AL0G(l. 0-PKINK) 
RNCIS=RNCIS+EXTRA 
IF(RNCIS. GT. RN) GOTO 295 
P=RAN(IP 
IF(PTRANS. GT. P) GOTO 265 
LITTLE=l 
HL=RNCIS/1000.0 
RN=RNCIS 
285 PUN=PCOIL(RNqTK) 
P=RAN, (IP) 
1F(PUN. GT. P) GOTO 500 
C, ------------------------------------------------------------------ 
C SUCCESSFUL INTERMOLECULAR NUCLEATION 
C -- 
JBIG=0 
IF(J. GT. I) JBIG=l 
IF(LITTLE. EQ. 0) GOTO 295 
CALL OPEN(I93) 
IF(JBIG. EQ-1) J=J+3 
IF(JBIG. EQ. 0) I=I+2 
CALL 0PEN(JqZ) 
00 305 L=ltZ 
MATE(L9(I-3))=0 
305 MATE(Lq(J-Z))=0 
NC(I-1)=NC(I) 
NC(I-2)=NC(I) 
NC(I-3)=NC(I) 
. 14C(J-I)=NC(J) 
NC(j-2NC(J 
RL(I)=RL(I)-X-. HL 
RL(I-3)=X-HL 
RL(J)=RL(J)-Y 
RL(J-2)=Y-HL 
292 
r K 
LI-2 
M=J-l 
GOTO 230 
2-35 IF(NCASE. NE-5) GOTO 310 
CALL GPEN(ls-d) 
IF(JBIG. EQ. 1) J=J+3 
IFUýIG. EQ-0) I=I+l 
CALL OPEN(Jol) 
290 t-iATE(l9(I-3))=0 
MATE(29(1-3))=O 
DO 300 K=193 
300 NC(I-K)=NC(I) 
RL(I-3)=X-Y 
RL(I)=RL(l)-X-Y 
RL(J)=RL(J)-Y 
KI-2 
LI-1 
M=J-l 
GOTO 230 
310 CALL OPEN(IP2) 
IF(JbIG. EQ. 1) J=J+Z 
IF(J3IG. EQ. 0) I=I+2 
CALL OPEN(J92) 
330 Do 350 K=192 
00 340 L=192 
MATE(Lv(I-K))=MATE(LqI) 
340 MATc-(LP(J-K))=MATE(LPJ) 
NC(I-K)=NC(I) 
350 NCCJ-K)=tiC(J) 
IF(NCASE. EQ. 7) GOTO 360 
X 
RL(J-2)=Y-X 
RL(J)=RL(J)-y 
KI-2 
LI-1 
M=J-l 
GOTO 230 
360 RL(I-2)=(2.0%"X)-RL(l) 
RL(J-2)=Y+X-PL(I) 
RL(J)=RL(J)-y 
KI-1 
LI 
mj-1 
GOTO 230 
c -------------------------------------------------------------- 
C HELIX UNWINUING 
C 
400 P=RAN(IP) 
RN=RL(I)1'11000-0 
PUN=PCOIL(RN#TK) 
IF(PUN. LT. P) GOTO 500 
IHC(1)=NC(I) 
IHC(2)=NC(MATE(19I)) 
IHC(3)=NC(MATE(29I)) 
IH(1)=I 
IH(Z)=MATE(19I) 
IH(3)=flATE(29I) 
D04 10 M13 
D04 10 L12 
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410 MATE(LqIH(M))=0 
CALL MERGE(IHC(l)) 
CALL MERGE(lHC(2)) 
CALL MERGE(IHC(3)) 
C ------------------------------------------------------------------ 
C UPDATES END AND DENU ARRAYS 
C 
450 NDT=O 
DLT=00 
RLCUM0.0 
00 460 I=19NST 
RLCUM=RLCUM+RL(I) 
END(I)=RLCUM 
IF(MATc-(1qI). N, -:. 0)G0T0 460 NDT=t4DT+l 
ND(NDTI 
DLT=DLT+RL(l) 
U; ---ND(NDT)=DLT 
460 CONTINUE 
ERR=(RLCUM-RLT)/RLT 
IF(ERR. LT. O. 00001) GOTO 500 
WRITE (59470) 
470 FORMATU/9 ' SERIOUS ROUNDING ERROR IN SEQUENCE BOUNDARIES 
C ------------------------------------------------------------------ 
C END OF CYCLE 
C 
500 IT=IT+l 
IST0P=0 
IF(IT. LT. MAXIT. OR. MAXIT. EQ. 0) GOT0510 
IST0P=1 
GOTO 530 
510 IF( NST. LT. (IDIM-6)) GCTO 520 
1ST0P=1 
GOTO 530 
520 IF(M0D(ITqtjTAB). EQ. 0) GOTO 530 
GOTO 150 
C ------------------------------------------------------------------ 
-C CALCULATES HELIX PARAMETERS AND 
TESTS FOR CONVERGENCE 
C 
530 NH1=0 
NH2=0 
HL100 
HL200 
00 550 I=19NST 
IF(MATE(19I). EQ-0) GOTO 550 
L=NC(I 
J=NC(MAT-(19I)) 
K=NC(MATE(ZPI)) 
1F(L. EQ. J. AND. L. EQ. K) GOTO 540 
NH2 =14 H2 +1 
HL2=HL2+RL(I) 
GOTO 550 
540 NH1=NH1+1 
HL1=HL1+RL(I) 
550 CONTINUE 
00 552 NF=lt7 
552 F(NF)=O. O 
RH1NHI 
RH2NH2 
294 
F(1)=(HLI+HL, 
-)/RLT F(2)=(RH1+RH2)/NCT 
F(3)=RHI/NCT 
F(4)=RH2/t4CT 
IF((NH1+NHZ). EQ-0) GOTO 558 
F(5)=((HL1+HL2)/(NH1+NH2))-, "1000.0 
IF(NHI, E "' . 0) GOTO 556 
F(6)=(HL1/NH1)*1000.0 
556 IF(NH2. E: Q. 0) GOTO 559 
F(7)=(HL2/NH2),, 1009.0 
558 IF (ISTOP. c-Q. 1) GOTO 600 
C ------ ------------------------------------------------------------ 
C PRINTS HELIX PARAMETERS 
c 
600 - WRITE(69610)ITw(F(I)9I=1v7) 
WRITE(30p6l0)ITv(F(I)jI=lv7) 
-610 FORMAT(I109F10.593F10.30F10.1) 
IF(ISTOP. EQ. 0) GOTO 150 
c ------------------------------------------------------------------ 
C PRINTS OUT LENGTH DISTRIFUTION 
C 
WRITE(69620) 
620 FORMATU/9' LENGTH DISTRIIýUTION? s) 
READC5t9O)IRES 
IF(IRES. NE. IYES) GOTO 900 
WRITE(6t630) 
WRITE(309630) 
630 FORMAT(//q '10ISTRI3UTION OF HELIX LENGTHS' 9/o 
(RELATIVE TO MAX IMUM CHAIN LENGTH OF 1000) '9// o 
+ 15X9'HELIX FRACTION ** 1000'9/9 
+ LENGTH T0TALINTRA INTER' 9 
DO 640 I=193 
DJ 640 J=1940 
640 RLH(IPJ)=U. O 
DO 6-50 I=lpNST 
IF(MATE(191)-EQ-0) GOTO 650 
Ml=j'IATC-(lpI) 
M2=MATE: ý(29I) 
J=RL(I)*100.0+0.5 
IF(J. LT. 1) J=l 
IF(J. GT. 4U) J=40 
FAC=1000.0/RLT 
RLH(19J)=RLH(19J)+RL(I)'FAC 
GOTO 645 IF( NC (I). EQ . NC(Ml) . ANC NC( I). 
EQ NC(142)) 
RLH(3pj)=RLH(3pJ)+RL(I); ý-F-llC 
GOTO 650 
645 RLH(2qJ)=RLH(2qJ)+RL(I), '-FAC 
650 CONTINUE 
DO 660 J=1940 
4- L E: N= 10 .J 
DO 655 I=193 
655 RLH(IgJ)=RLH(IoJ)+RLH(19(J+1)) 
WRITE(6t670) LENq(RLH(IoJ)qI=193) 
660 WRITE (3Oo670) LENo(RLH(IvJ)qI=193) 
670 FORMAT(110p3F10.2) 
GOTO 900 
-------------- -- C --------------------------------------------------- 
c PRINTS STORAGE ARRAYS 
700 WRITE(6P710) 
29S 
710 FORMAT(//g' TABLE OF CHAIN SEQUENCES 7 
READ(500)IRES 
IF(IRES. NE-IYES) GOTO Boo 
WRITE(309720) 
WRITE(69720) 
720 FORMAT(////t'l SEQUENCE CHAIN RL. "11000' 
+ t MATE( 1HATE(2 TOTAL LENGTH'9/) 
00 740 I=loNST 
SL=RL(I)-Y, looo. o 
IF (I-EQ-1) GOTO 733 
IF (NC(I). NE. NC(I-1)) WRITE(6t730) 
IF (NC(I). NE". NC(I-1)) WRITE(309730) 
730 FORMAT(65('-')) 
739 WRITE (597 50 )1 PNC( I) t SL 9MATE(l 9 1) s MATE( 29 1) 9 FND( I) 740 WRITE (309750)ItNC(I)iSLgMATE(19I)tMATE(2pI)gEND(I) 
750 FORMAT(2Il0jFl0.2#2Il09Fl5.4) 
WRITE(30#760) 
760 FORMAT(//// 9 *1 '91 9X 9 'DISORDERED SEQUENCES ' 9/ 91 2X 9 + 'SEQUENCE CHAIN RL'-1000 CUMULATIVE LENGTH'9/) 
00 770 J=19NOT 
I=N0(J 
SL=RL(I)"1000.0 
770 WRITE(309780)JoIPNC(I)PSLgDEND(J) 
780 FORMAT(3Il09Fl0. Zqr-j5.4) 
C------------------------------------------------------------------ 
C CHANGES UNWINDING PARAMETERS9 STARTS AGAIN OR STOPS 
C 
Boo WRITE(69310) 
810 FORMAT(//g' ANOTHER RUN ? '$) 
R-7AD(5990)IRES 
- IF(IRES. t4E. IYES) STOP 
WRITE(69820) 
820 FORMAT(/9' START AGAIN ? '$) 
READ(5990)IRES 
IF(IRES-EQ. IYES) GOTO 10 
WRITE(6o830) 
830 FORMAT(/p' SAME TEMPERATURE ? 
READ(5#90) IRES 
IF(IRES. NE. IYES) GOTO 100 
MAXOLU=MAXIT 
GOTO 115 
C ------ ------------------------------------------------------------ 
C PRINTS OUT MELTING PROFILE (DSC SIMULATION) 
c 
900 WRITE(69910) 
910 FORMAT(//t' PROFILE? '5) 
READ(5990)IRES 
IF(IRES. NE. IYES)GOTO 700 
WRITE(6020) 
WRITE(309920) 
i2o FORMAT(//g'IHELIX MELTING PROFILE'q//v 
+ 9X9'HELIX FRACTION DELTA HF'9/9 
+ v T(C) (PERCENT) (*1000)1911) 
FORMER=F(l)*1000-0 
1) 0940J :-1v -t) 0 
T0T=0.0 
00 930 I=19NST 
IF( MA Tc- C191). EQ .0);; C)TC 930 
RES=RL(I)'-l " 10 00-0 
TEMP=J+273.2 
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PUN=PC0IL(RESjTEMP) 
TOT=TOT+(RýSý'PUN/RLT) 
930 CONTINUE 
HELIX=((F(1)'1000-0)-T0T)/j0.0 
DELTA=FORMER-(HELIX*10.0) 
FORMER=HELIX'*10.0 
WRITE(69950) JPHELIX90ELTA 
940 WRITE(309950) JtHELIXtDELTA 
950 FORMAT(I3o2Fl5.2) 
GOTO 700 
END 
C ------------------------------------------------------------------ 
C 
SUBROUTI14E LENGTH(NCTqPLqRLMIN) 
E; CONSTRUCTS TABLE OF PRIMARY CH6 INLENGTHS 
c 
DIMENSION RL(50000)sNL(101) 
ORITE(30910) 
WRITE(6910) 
10 FORMAT(//o %DISTRIBUTION OF CHAINLENGTHS '9/t 
(RELATIVE TO MAXIMUM LENGTH OF 1000)'9/9 
+ I LENGTH NU, -i ý E: R 
RANGE=1.0-RLMIN 
NP= 10 0 
OIFF=RANGE/f4P 
00 20 1=19NP 
20 NL(I)=0 
DO 30 I=lPNCT 
J=(RL(I)-RLMP4)/DIFF+0.5 
IF(J. LT. 1) J=l 
IF(J. GT. NP) J=NP 
30 NL(J)=14L(J)+l 
DO 40 I=19NP 
LEN=(RLMIN+(I*DIFF)), 'flOOO. 0+0.5 
WRITE(30950) LENOL(I) 
40 WRITE(6P50) LENqNL(I) 
50 FORMAT(2I10) 
RETURN 
END 
c------ --------------------------------------------------------------- 
SUBROUTINE OPEN(NiM) 
C 
c CREATES M VACANT ARRAY ELEMENTS IMMEDIATELY BEFORE ELEMENT N 
c 
DIAENSION RL(50000)pNC(50000)gMATý-: (Zgclý0000) 
COMMON NSTYRLPNCoMATE 
c 
00 10 J=19NST 
DO 10 1=192 
IF(MATE(I9J). GE. N) MATE(IoJ)=MATE(IgJ)+M 
10 CONTINUE 
I=NST 
20 IF(I. LT. N) GOTO 30 
RL(I+M)=RL(I) 
NC(I+M)=NC(l) 
MATE(1q(I+M))=MATE(1qI) 
MAT"(2v(j+M))=HATE(2q1) 
I 
GOTO 20 
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30 NST=NST+M 
N=N +M 
RETURN 
END 
C ----- ----------------------------------- -------------------------- SUBROUTINE MERGE(N) 
c- 
C COMBINES ADJACENT DISORDERED SEQUENCES IN CHAIN N C 
DIMENSION RL(50000)qNC(50000 )tMATE(2950000) 
COMMON NSTjRLqNC9MATE 
I=0 
5 1=I+1 
IF(NC(I). EQ. N) GOTO 15 
GOTJ 5 
10 1=I+1 
IF(NC(I). NE. N) RETURN 
15 IF(MATE(lpI). NE. 0) GCTO 10 
20 1F1 +1 GT . NST . CR . NC (I +1)N; "- .N RETURN IF(MATE(19(I+1)). EQ. 0) GOTO 25 
I=I+l 
GOTO 10 
25 RL(I)=RL(I)+RL(1+1) 
NST=NST-1 
NOT=NOT-1 
DO 30 K=(I+l)otJST 
NC(K)=NC(K+l) 
RL(K)=RL(K+l) 
riATE(ltK)=MATE(19(K+1)) 
30 tlATE(2qK)=MATE(29(K+1)) 
00 40 K=192 
DO 40 J=19NST 
IF (MAT E (K 9 J) GT 1 +1 MAT E( K9 J)=MATE(K 9 J)-l 
40 CONTINUE 
GOTO 20 
END 
C- ---- ---------------------------------------------------------- 
C PROBABILITY OF A H'LIX OF LLNGTH RN UNWINUING AT T(K) 
c - % 
FUNCTION PCOIL(RNIT) 
COMMOý4 /COIL/XtTMAXtOHCAL 
TMD=((273.2+TtiAX)t; 1000.0)/(1000-0-X) 
DHK=DHCAL'V1000.0 
GASCON=8.314 
PC01L=1-0 
IF(RN. LE. X) RETUR14 
TM=(RN-X)--6TMD/RN 
RLK=RN%'DHK, -(TM-T)/(GASCON-TýcTM) 
IF(RLK. GT. 15-0) GOTO 10 
RK=EXP(RLK) 
PCOIL=1.0/(RK+1.0) 
RE TURN 
10 PC01L=0-0 
RETURN 
END 
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